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Two Roads to New Physics
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This approach is sensitive to particles far heavier than those directly 
produced in a collider. It is what flavour physics is about.

2 Roads to New Physics

Direct Observations Indirect e�ects

Particles with MC2 > E

cannot be produced di-
rectly...

E=MC
2

... but they can have an e�ect as virtual
particles, especially in loops.
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The Bs system

Analogy between two 2-state
systems: Light-polarisation
and Bs mesons.

• Linear pol. ⇤ Bs, B̄s.
• Circular pol. ⇤ BH, BL.
• Only BH, BL have well-

defined (and di⇤erent)
masses and lifetimes.

Mixing Parameters
• ⇥� ⇥ 1

�L
� 1

�H
= �H��L

�H�L
.

• ⇥m ⌅ oscillation frequency.

• Theory: ⇥� ⌅⇥m.

• Expect to measure both for
1st time at Tevatron.
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Vts∝eiβs

Direct observation Effects of virtual particles
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Flavour physics as a tool to discover New Physics
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u

d

at a time 
when only 
these had 

been seen...

s

...these were 
inferred from 

flavour physics

discovered

1974
c t

b
discovered

1977
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1994

• Quark Flavour physics is the precision study 
of quark transitions.


• Sensitive to new particles that can be much 
heavier than those directly produced (i.e. lie 
beyond the energy frontier).


• Very successful in the past:


• Charm quark predicted based on the 
suppression Flavour Changing Neutral 
Currents (FCNC).


• Top/bottom quark predicted based on 
the observation of CP violation.
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Flavour physics as a tool to discover New Physics
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• Quark Flavour physics is the precision study 
of quark transitions.


• Sensitive to new particles that can be much 
heavier than those directly produced (i.e. lie 
beyond the energy frontier).


• Very successful in the past:
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• Top/bottom quark predicted based on 
the observation of CP violation.
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CKM matrix, CP violation 
⌃CP, B mesons in the SM

Quarks in Standard Model
u

b

c t

d s
• Width of the lines ⇧ transition

amplitude A.
• ⌃CP in SM due to complex

phases in these amplitudes.
• Only A(b⌅ u) ⇧ ei⇥ and A(t⌅

d) ⇧ e�i� have large complex
phases. B decays involve both!

• B mesons are mesons with a b̄

(b) quark and one of the lighter
quarks (anti-quarks).

• For example:
Bd = (̄b, d), B̄d = (b, d̄)
Bs = (̄b, s), B̄s = (b, s̄)

• b quarks are heavy (⇤ 5GeV ⇤
He) and so are B mesons.

• B mesons live “long” (⇤ 1ps).

• ⌃CP is large in B mesons.

5

• Elements of the CKM matrix = transition amplitudes between quarks.


• Operation of CP corresponds to complex-conjugating these -> need complex 
elements to get CP violation.


• Turns out: Only possible with at least three generations of quarks.

structure of the quark mixing matrix

u         c        t
d 
s 
b

�

⇤
1 � �3e�i�

�� 1 �2

�3e�i⇥ ��2 1

⇥

⌅

where λ=0.22

VCKM≈

5
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Unitarity triangle

��⎞⎛
ratio of Bd, Bs mixing 
frequency, Δmd/Δms

CP Violation

(semi) leptonic B 
decays

≡1
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Constraints on the apex of the UT

7
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CP violation and New Physics
• While there is O(10%) agreement between the SM description of CP violation, 

and recent measurements, there are several orders of magnitude disagreement 
between CPV in the SM and CPV in the universe. 

8

equal amounts of 
matter and 
antimatter

pair 
annihilation

1 in 109 
matter left 

over

Standard Model

(the SM provides enough CP 
violation for only about 1 galaxy)

Reality

• There must be new sources of CP violation.
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FCNC and New Physics
• The suppression of FCNC is an “accidental” symmetry of the SM. There is no 

fundamental reason why it should exist in models beyond the SM. 


• Many NP models predict new sources of FCNCs. 
 
 
 

• NP can affect up and down-type quarks differently. Study both, beauty & charm!

9
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The decay Bd ! K⇤µµ

Decay rare (Branching ratio: O(10�6)) in standard model, e.g.:

Bd K*
d

b su, c, t

W+

Z,

Bd K*
d

b s

u, c, t

W+

Z,

Bd K*
d

b su, c, t

W W

but sensitive to new physics inside loops, e.g.:

P. Koppenburg

b → ℓℓs decays
• Suppressed by αEM

BR(b → ℓℓs) = (4.5 ± 1.0) · 10−6

BR(B → ℓℓK) = (0.5 ± 0.1) ·10−6

• Sensitive to
• SuSy,
• graviton exchanges,
• extra dimensions
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LHC — rare semileptonic and radiativeB decays— Beach 2006 – p.12/21
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ũi

ℓ+

ℓ−Chargino loop

LHC — rare semileptonic and radiativeB decays— Beach 2006 – p.12/21

P. Koppenburg

b → ℓℓs decays
• Suppressed by αEM

BR(b → ℓℓs) = (4.5 ± 1.0) · 10−6

BR(B → ℓℓK) = (0.5 ± 0.1) ·10−6

• Sensitive to
• SuSy,
• graviton exchanges,
• extra dimensions

b s

H− H+
t

ν

ℓ−

ℓ+Higgs box

b s

d̃i d̃i

H

g̃

ℓ+

ℓ−Gluino loop

b s
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Sensitivity of FCNC to NP mass scales

• “Simple” NP models 
ruled out up to PeV-
scale, by Flavour 
Physics.


• Flavour physics 
imposes severe 
constraints on the 
structure and mass 
scale of NP

10

●  Add new physics to SM Lagrangian 
–                        

●  Flavour transitions 
–  probe high mass scales 
–  parameterised in terms  

of operators, couplings 
and mass scales 

●  NP flavour problem 
–  If couplings ci ~1 

NP should have been seen  
–  particles have large 

masses >> 1 TeV or  
couplings are small ci << 1 & same as in SM 

Lake Louise, 20/02/2014 Franz Muheim 12 

See: Isidori, Nir 
& Perez arXiv:1002.0900; 
Neubert EPS 2011 talk 

New physics ruled out 
from Λi=0 to somewhere 
in the blue boxes 

i 

Flavor as a High Mass Probe 

  Already excluded ranges 
                      , take ci = 1    

DPF, Aug. 13, 2011 � 5 

 
Leff = LSM +

ci
Λi

Oi

i 

See: Isidori, Nir 
& Perez arXiv:1002.0900; 
Neubert EPS 2011 talk 

Ways out 
1.  New particles have 

large masses >>1 
TeV 

2.  New particles have 
degenerate masses 

3.  Mixing angles in 
new sector are 
small, same as in 
SM (MFV) 

4.  The above already 
implies  strong 
constrains on NP   

Ann.Rev.Nucl.Part.Sci.60:355,2010
plot from M. Neubert at EPS-HEP 2011
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Outline
!

• CP violation & mixing (much of which probes FCNC)


!
!

• Rare decays, probing FCNC and other New Physics.


!
!

• … leaving out many other exciting measurements …


!
• Future prospects

11



Jonas Rademacker (Bristol)          Beyond the Energy Frontier with Precision Flavour Physics at LHCb            Colloquium, Brookhaven, 28 Oct 2014

Flavour physics at the LHC

• Huge b cross section, even huger 
(20×) charm cross section.


• All types of b and c hadrons (like 
B0, Bs, Bc, Λb, …).


• The world’s largest heavy flavour 
samples, and a dedicated flavour 
physics detector (LHCb). 


• Best place to do heavy flavour 
physics, today.

12

http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html
Eur.Phys.J. C63 (2009) 189-285
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Heavy flavour physics at the LHC

13

ATLASCMS

LHCb 
(the dedicated flavour physics 
experiment at the LHC)

ALICE
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1.9 < η < 4.9  or!
 15 < θ < 300 mrad!

~1 cm!

B!

The LHCb Detector

14

2 < ⌘ < 5

1/fb taken in 2011 at 7TeV 
2/fb taking in 2012 at 8TeV
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Particle ID with the LHCb RICH

15

LHCb: EPJ C 73:2431 (2013) 
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LHCb RICH particle ID in action
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convolution integral runs over �m0. In order to model the background shape we use

h(�m) = B


1� exp

✓
��m� �m

0

c

◆�
, (3.2)

where B is a normalization factor, and the free parameters �m
0

and c govern the shape of

the distribution. The fit to the ⇤ ! p⇡� spectrum is made using a sum of three Gaussian

functions for the signal and a second order polynomial for the background.

Figure 2 shows the invariant mass assuming the ⇡+⇡� hypothesis for selected b-hadron

candidates, using the kinematic selection A of table 1 and without applying any PID

requirement. The shapes describing the various signal decay modes have been fixed by

parameterizing the mass distributions obtained from Monte Carlo simulation convolved

with a Gaussian resolution function with variable mean and width. The three-body and

combinatorial backgrounds are modelled using an ARGUS function [23], convolved with

the same Gaussian resolution function used for the signal distributions, and an exponential

– 5 –

J
H
E
P
1
0
(
2
0
1
2
)
0
3
7

E�ciency ratio Value

"
PID

(K+⇡�) / "
PID

(⇡+⇡�) 1.57± 0.09

"
PID

(K+⇡�) / "
PID

(K+K�) 1.23± 0.06

"
PID

(pK�) / "
PID

(p⇡�) 1.14± 0.05

Table 4. Ratios of PID e�ciencies used to compute the relevant ratios of branching fractions,
corresponding to selection A.
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Figure 4. Invariant mass spectra corresponding to selection A for the mass hypotheses (a) K+⇡�,
(b) ⇡+⇡�, (c) K+K�, (d) pK� and (e) p⇡�, and to selection B for the mass hypothesis (f)
K+⇡�. The results of the unbinned maximum likelihood fits are overlaid. The main components
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Figure 4. Invariant mass spectra corresponding to selection A for the mass hypotheses (a) K+⇡�,
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Direct CP violation in Bº(s)→Kπ

• Define


!

• For Bº→K+π–, Bº→K–π+: 
ACP =−0.080±0.007±0.003


• For Bs→K–π+, Bs→K+π–  
ACP =0.27±0.04±0.01


• First observation of CPV in 
Bs decays!

17

Lomonosov 2013 – CPV & Rare Decays @ LHCb (23/40) O. Steinkamp27.08.2013

CPV in 2-Body Charmless B decays

B0 → K+ p-

B0

s

 → K- p+

A
CP

=−0.080±0.007(stat )±0.003(syst)

[PRL 110 (2013) 221601]

● most precise measurement to date

A
CP

= 0.27 ± 0.04 (stat ) ± 0.01 (syst )

● first observation of CPV in B0

s 

decays, significance 6.5 s

● also: test of U-spin symmetry

Δ =
A

CP
(B0→ K

+ π−)

A
CP

(B
s

0→ K
− π+)

+
BF (B

s

0→ K
− π+)

BF (B0→ K
+ π−)

⋅
τ
d

τ
s

= 0 [Lipkin, PLB 621 (2005) 126]

● using LHCb measurements of BFs and world averages for lifetimes t:

Δ = −0.02 ± 0.05 (stat) ± 0.04 (syst)

ACP ⌘
N(B0

(s))�N(B
0
(s))

N(B0
(s)) +N(B

0
(s))

LHCb: PRL 110 (2013) 221601

–

–

Bº Bº–

BºsBºs
–
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Mixing in neutral meson systems

18
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world’s most precise measurement of Δms

Bs oscillations at LHCb

2 Roads to New Physics

Direct Observations Indirect e�ects

Particles with MC2 > E

cannot be produced di-
rectly...

E=MC
2

... but they can have an e�ect as virtual
particles, especially in loops.

s
dd

b

_
s
_

s
_
s

KB

!

4

The Bs system

Analogy between two 2-state
systems: Light-polarisation
and Bs mesons.

• Linear pol. ⇤ Bs, B̄s.
• Circular pol. ⇤ BH, BL.
• Only BH, BL have well-

defined (and di⇤erent)
masses and lifetimes.

Mixing Parameters
• ⇥� ⇥ 1

�L
� 1

�H
= �H��L

�H�L
.

• ⇥m ⌅ oscillation frequency.

• Theory: ⇥� ⌅⇥m.

• Expect to measure both for
1st time at Tevatron.

4

decay time [ps]
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ca
n

d
id

at
es

 /
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0
.1

 p
s)

0

200
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Tagged mixed

Tagged unmixed

Fit mixed

Fit unmixed

LHCb

Figure 2: Decay time distribution for the sum of the five decay modes for candidates tagged as
mixed (di↵erent flavour at decay and production; red, continuous line) or unmixed (same flavour
at decay and production; blue, dotted line). The data and the fit projections are plotted in a
signal window around the reconstructed B0

s

mass of 5.32 – 5.55 GeV/c2.

The information provided by the opposite-side and same-side taggers for the signal is
combined to a single tagging decision q and a single mistag probability !(⌘OST, ⌘SST) using
their respective calibration parameters p0OST/SST

and p1OST/SST
. The individual background

components show di↵erent tagging characteristics for candidates tagged by the OST or
SST. The b hadron backgrounds show the same opposite-side tagging behaviour (q and
!) as the signal, while the combinatorial background shows random tagging behaviour.
For same-side tagged events, we assume random tagging behaviour for all background
components. We introduce tagging asymmetry parameters to allow for di↵erent numbers
of candidates being tagged as mixed or unmixed, and other parameters to describe the
tagging e�ciencies for these backgrounds. As expected, the fitted values of these asymmetry
parameters are consistent with zero within uncertainties.

All tagging parameters, as well as the value for �m
s

, are constrained to be the same
for the five decay modes. The result is �m

s

= 17.768 ± 0.023 ps�1 (statistical uncertainty
only). The likelihood profile was examined and found to have a Gaussian shape up to
nine standard deviations. The decay time distributions for candidates tagged as mixed
or unmixed are shown in Fig. 2, together with the decay time projections of the PDF
distributions resulting from the fit.

8

𝚫𝒎𝒔 = 𝟏𝟕.𝟕𝟔𝟖±𝟎.𝟎𝟐𝟑 ±𝟎.𝟎𝟎𝟔  𝒑𝒔−𝟏

New J.Phys. 15 (2013) 053021

Bs Oscillations (1st observed by CDF, Phys.Rev.Lett. 97 (2006) 062003,  
Phys.Rev.Lett. 97 (2006) 242003.)

FCNC
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world’s most precise measurement of Δms

Bs oscillations at LHCb

2 Roads to New Physics

Direct Observations Indirect e�ects

Particles with MC2 > E

cannot be produced di-
rectly...
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... but they can have an e�ect as virtual
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The Bs system

Analogy between two 2-state
systems: Light-polarisation
and Bs mesons.

• Linear pol. ⇤ Bs, B̄s.
• Circular pol. ⇤ BH, BL.
• Only BH, BL have well-

defined (and di⇤erent)
masses and lifetimes.

Mixing Parameters
• ⇥� ⇥ 1

�L
� 1

�H
= �H��L

�H�L
.

• ⇥m ⌅ oscillation frequency.

• Theory: ⇥� ⌅⇥m.

• Expect to measure both for
1st time at Tevatron.

4

𝚫𝒎𝒔 = 𝟏𝟕.𝟕𝟔𝟖±𝟎.𝟎𝟐𝟑 ±𝟎.𝟎𝟎𝟔  𝒑𝒔−𝟏

New J.Phys. 15 (2013) 053021

FCNC

Bs Oscillations



Jonas Rademacker (Bristol)          Beyond the Energy Frontier with Precision Flavour Physics at LHCb            Colloquium, Brookhaven, 28 Oct 2014

Nobel Mixing

• For neutral meson systems: 

Mixing → CP violation → Nobel Prize  (~20 years)

21

About Nobelprize.org  Privacy Policy  Terms of Use  Technical Support  RSS The Official Web Site of the Nobel Foundation Copyright © Nobel Web AB 2009

"for the discovery of violations of fundamental symmetry

principles in the decay of neutral K-mesons"

The Nobel Prize in Physics 1980

James Watson
Cronin

Val Logsdon Fitch

 1/2 of the prize  1/2 of the prize

USA USA

University of Chicago

Chicago, IL, USA

Princeton University

Princeton, NJ, USA

b. 1931 b. 1923

 

Titles, data and places given above refer to the time of the award.

Photos: Copyright © The Nobel Foundation

About Nobelprize.org  Privacy Policy  Terms of Use  Technical Support  RSS The Official Web Site of the Nobel Foundation Copyright © Nobel Web AB 2009

"for the discovery of

the mechanism of

spontaneous

broken symmetry in

subatomic physics"

"for the discovery of the origin of the

broken symmetry which predicts the

existence of at least three families of

quarks in nature"

The Nobel Prize in Physics 2008

Photo: University of Chicago
© The Nobel Foundation

Photo: U. Montan

© The Nobel Foundation

Photo: U. Montan

Yoichiro Nambu Makoto Kobayashi Toshihide Maskawa

 1/2 of the prize  1/4 of the prize  1/4 of the prize

USA Japan Japan

Enrico Fermi Institute,

University of Chicago

Chicago, IL, USA

High Energy Accelerator

Research Organization

(KEK)

Tsukuba, Japan

Kyoto Sangyo University;

Yukawa Institute for

Theoretical Physics

(YITP), Kyoto University

Kyoto, Japan

b. 1921

(in Tokyo, Japan)

b. 1944 b. 1940

Titles, data and places given above refer to the time of the award.

½ Nobel
• For 2 out of 4 mixing meson systems, we only just 

got started:


• Bs: Mixing discovered in 2006 (no mixing-induced 
CPV, yet).


• D0: Mixing discovered in 2007 (no CPV, yet).


• In both systems, the prize is in finding non-SM CP 
violation (in the case of Dº, this is any CPV)
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Figure 3: Definition of helicity angles as discussed in the text.

distribution of the reconstructed decay angles of the final-state particles.
In contrast to Ref. [5], this analysis uses the decay angles defined in the helicity

basis as this simplifies the angular description of the background and acceptance. The
helicity angles are denoted by ⌦ = (cos ✓K , cos ✓µ,'h) and their definition is shown in
Fig. 3. The polar angle ✓K (✓µ) is the angle between the K

+ (µ+) momentum and the
direction opposite to the B

0
s momentum in the K

+
K

� (µ+
µ

�) centre-of-mass system.
The azimuthal angle between the K

+
K

� and µ

+
µ

� decay planes is 'h. This angle is
defined by a rotation from the K

� side of the K

+
K

� plane to the µ

+ side of the µ

+
µ

�

plane. The rotation is positive in the µ

+
µ

� direction in the B

0
s rest frame. A definition

of the angles in terms of the particle momenta is given in Appendix A.
The decay can be decomposed into four time-dependent complex amplitudes, Ai(t).

Three of these arise in the P-wave decay and correspond to the relative orientation of the
linear polarisation vectors of the J/ and � mesons, where i 2 {0, k,?} and refers to the
longitudinal, transverse-parallel and transverse-perpendicular orientations, respectively.
The single K

+
K

� S-wave amplitude is denoted by AS(t).
The distribution of the decay time and angles for a B

0
s meson produced at time t = 0

is described by a sum of ten terms, corresponding to the four polarisation amplitudes
and their interference terms. Each of these is given by the product of a time-dependent
function and an angular function [13]

d4�(B0
s ! J/ K

+
K

�)

dt d⌦
/

10X

k=1

hk(t) fk(⌦) . (1)

The time-dependent functions hk(t) can be written as

hk(t) = Nke
��st [ak cosh

�
1
2
��st

�
+ bk sinh

�
1
2
��st

�

+ ck cos(�mst) + dk sin(�mst)], (2)

where �ms is the mass di↵erence between the heavy and light B

0
s mass eigen-

states. The expressions for the fk(⌦) and the coe�cients of Eq. 2 are given in Ta-
ble 2 [17, 18]. The coe�cients Nk are expressed in terms of the Ai(t) at t = 0, from
now on denoted as Ai. The amplitudes are parameterised by |Ai|ei�i with the con-
ventions �0 = 0 and |A0|2 + |Ak|2 + |A?|2 = 1. The S-wave fraction is defined as
FS = |AS|2/(|A0|2 + |Ak|2 + |A?|2 + |AS|2) = |AS|2/(|AS|2 + 1).

3

Bs→J/ψ KK for φs

22

Bs J/ψ KK = J/ψ φ+ S-wave 

Bs
_

A0
A||
A⊥

AS

A0
A||A⊥
AS

/ ei�s

Precisely predicted in SM
Hope to measure a different value!

�s = (�0.036± 0.002) rad

✓µ
✓K

�h

Need to disentangle  
CP even and CP odd 

amplitudes

Bs

Bs
_

/ e�i�sBs
_
2 Roads to New Physics

Direct Observations Indirect e�ects

Particles with MC2 > E

cannot be produced di-
rectly...

E=MC
2

... but they can have an e�ect as virtual
particles, especially in loops.

s
dd

b

_
s
_

s
_
s

KB

!

4

The Bs system

Analogy between two 2-state
systems: Light-polarisation
and Bs mesons.

• Linear pol. ⇤ Bs, B̄s.
• Circular pol. ⇤ BH, BL.
• Only BH, BL have well-

defined (and di⇤erent)
masses and lifetimes.

Mixing Parameters
• ⇥� ⇥ 1

�L
� 1

�H
= �H��L

�H�L
.

• ⇥m ⌅ oscillation frequency.

• Theory: ⇥� ⌅⇥m.

• Expect to measure both for
1st time at Tevatron.

4

2RoadstoNewPhysics

DirectObservationsIndirecte�ects

ParticleswithMC2>E

cannotbeproduceddi-
rectly...

E=MC
2

...buttheycanhaveane�ectasvirtual
particles,especiallyinloops.

s
d d

b

_
s
_

s
_
s

K B

!

4

TheBssystem

Analogybetweentwo2-state
systems:Light-polarisation
andBsmesons.

•Linearpol.⇤Bs,B̄s.
•Circularpol.⇤BH,BL.
•OnlyBH,BLhavewell-

defined(anddi⇤erent)
massesandlifetimes.

MixingParameters
•⇥�⇥1

�L
�1

�H
=�H��L

�H�L
.

•⇥m⌅oscillationfrequency.

•Theory:⇥�⌅⇥m.

•Expecttomeasurebothfor
1sttimeatTevatron.

4
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Bs→J/ψ KK for φs
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Figure 12: Decay-time and helicity-angle distributions for B0
s ! J/ K+K� decays (data

points) with the one-dimensional projections of the PDF at the maximal likelihood point. The
solid blue line shows the total signal contribution, which is composed of CP -even (long-dashed
red), CP -odd (short-dashed green) and S-wave (dotted-dashed purple) contributions.

20

Total

CP-even

CP-odd

S-wave

*Fit done in 4-D  
(not just projections)

Fit projections*

background-subtracted data

LHCb: Phys.Rev. D87 (2013) 112010
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Combined Bs→J/ψ KK and  Bs→J/ψ ππ for φs

24

φs very sensitive to NP. But 
no NP effects seen, yet...

!
ΔΓs less sensitive to NP 
(∝cos(φnew)), but impressive 
validation of HQE.

Experiment:
SM:

(supersedes Phys. Rev. Lett. 108 (2012) 101803, Physics Letters B 713 (2012) 378)

�SM
s = �0.036 ± 0.002

�s = 0.00 ± 0.07
plenty of room 
left for NP.

ATLAS-CONF-2013-039
LHCb: Phys.Rev. D87 (2013) 1120100.25

CDF

LHCb

ATLAS

Combined

SM

0.20

0.15

0.10

0.05

0
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

68% CL contours
( )

HFAG
April 2013

LHCb  1.0 fb –1 + CDF  9.6 fb –1 + ATLAS  4.9 fb 1+ D     8 fb– –1

D

SM: http://ckmfitter.in2p3.fr

Since then: 
Updated LHCb results for 3/fb, Bs→J/ψ ππ 

φs = 0.070±0.068±0.008 rad 
Phys.Lett. B736 (2014) 186 

!
New Channel: Bs→Ds+Ds– 
φs = 0.02±0.17±0.02 rad 

arXiv:1409.4619 (2014) 
!

3/fb update for Bs→J/ψ KK in progress.
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• New Physics  in loops?

Loops vs Trees

• Expect no New Physics in Trees

b c

u u

u

s

_ _

_

B+ D0
_
K+

25

2 Roads to New Physics

Direct Observations Indirect e�ects

Particles with MC2 > E

cannot be produced di-
rectly...

E=MC
2

... but they can have an e�ect as virtual
particles, especially in loops.

s
dd

b

_
s
_

s
_
s

KB

!

4
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Can penguins be bad?

26

They can.
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The “Unitarity Triangle” represents key parameters of 
the Standard Model description of CP violation.

27

If the Standard Model is correct, we should get consistent constraints on the apex of the triangle. 
Shaded areas identify constraints from different sources (95% CL). (Yellow: “loops”, others “trees”.)

 For New Physics 
sensitivity, need γ

0.0
|

0.2
|

0.4
|

0.6
|

0.8
|

1
|

0.1 -
0.2 -
0.3 -
0.4 -
0.5 -
0.6 -
0.7 -

0.0 -
-0.2
|

γ

|Vub|
γ β

α

in 2012
Are we looking at New Physics in 

loops (e.g. B(s) mixing) without seeing 
it? 

Need precision measurement of the 
SM-value of γ to find out.
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B±→DK±

f(D)
1

DK
ir  eB

−

−

−

−

−γ(δ     )
B

DK
K

K
Kf(D)+

+

+

+

1

ir  eB
+γ(δ     )

B
D

DK

CP-violating phase γ

CP-conserving strong phase δ

b c

u u

u

s

_ _

_

B– D0
_
K–

b
c

u u

u

s_ _

_

B–
D0

_
K–

–γ

Gronau, Wyler Phys.Lett.B265:172-176,1991, (GLW), Gronau, London Phys.Lett.B253:483-488,1991 (GLW) Atwood, Dunietz and Soni Phys.Rev.Lett. 
78 (1997) 3257-3260 (ADS) Giri, Grossman, Soffer and Zupan Phys.Rev. D68 (2003) 054018  Belle Collaboration Phys.Rev. D70 (2004) 072003

–

28
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CP violation is an interference effect

29

f(D)
1

DK
ir  eB

−

−

−

−

−γ(δ     )
B

DK
K(KSπ+π–)D

Gronau, Wyler Phys.Lett.B265:172-176,1991, (GLW), Gronau, London Phys.Lett.B253:483-488,1991 (GLW) Atwood, Dunietz and Soni Phys.Rev.Lett. 
78 (1997) 3257-3260 (ADS) Giri, Grossman, Soffer and Zupan Phys.Rev. D68 (2003) 054018  Belle Collaboration Phys.Rev. D70 (2004) 072003
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K
Kf(D)+

+

+

+

1

ir  eB
+γ(δ     )

B
D

DK

CP violation is an interference effect
• For D→3-body 

decays, the 
interference takes 
place in a 2-D 
Dalitz plot


• Analysing the 
Dalitz plot of the D 
decay, in D’s that 
come from B±’s, 
gives access to γ

(KSπ+π–)D

D
0
+ rBe

i(�±�)D0

D0

D
0

Gronau, Wyler Phys.Lett.B265:172-176,1991, (GLW), Gronau, London Phys.Lett.B253:483-488,1991 (GLW) Atwood, Dunietz and Soni Phys.Rev.Lett. 
78 (1997) 3257-3260 (ADS) Giri, Grossman, Soffer and Zupan Phys.Rev. D68 (2003) 054018  Belle Collaboration Phys.Rev. D70 (2004) 072003
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LHCb model-independent γ from B±→(KSππ)DK and 
B±→(KSKK)DK

• Binned, model-independent 
analysis using CLEO-c input.


• Plots show LHCb 2012 data


• Result of combined analysis 
(2011 & 2012 data, KSππ & 
KSKK):

31

D from B+

CLEO-c input:: Phys. Rev. D 82 112006. 
Model-independent method: Giri, Grossmann, Soffer, Zupan, Phys Rev D 68, 054018 (2003). 
Optimal binning: Bondar, Poluektov hep-ph/0703267v1 (2007) 
BELLE’s first model-independent γ measurement: PRD 85 (2012) 112014

Phys. Rev. D 82 112006. D from B–

D from 
B+

D from 
B–

JHEP 1410 (2014) 97

of the strong-phase parameters. These are the most precise measurements of these
observables and correspond to � = (62+15

�14)
�, with a second solution at

r is the ratio between the suppressed and favoured
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LHCb’s γ 2013 combination

32

� = 68� ± 12� � = 68�+8.0�

�8.5�LHCb: γ=67.2º±12ºprevious world average 
(Moriond 2012):

� = (67.2± 12)o

technique & 2011 data: Phys. Lett. B726 (2013) 151
2012 data: LHCb-CONF_2013-006)

World averages by CKM Fitter• LHCb combines inputs from  
B±→(hh’)DK± 

B±→(KSππ)DK± 
B±→(KSKK)DK± 
B±→(Kπππ)DK± 

• Result:
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LHCb’s 2014 γ combination

33

technique & 2011 data: Phys. Lett. B726 (2013) 151
2014 combination: LHCB-CONF-2014-004

• LHCb combines inputs from  
B±→DK±,   B±→Dπ±,   B0→DK*, 
 

where D→KSππ, KSKK, KSKπ, Kπππ. 

• Also: Bs0→Ds∓K± (time-dependent)  

• Combined result:


• all modes


• “robust” (only B±→DK± modes, 
theoretically cleanest)

� = 78�+5.8�

�7.4�

� = 73�+9�

�10�

arXiv:1407.6127 (2014)

LHCB-PAPER-2014-028

arXiv:1402.2982 (2014)JHEP 1410 (2014) 97

]° [γ
1-

C
L
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0.2

0.4

0.6
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95.5%

LHCb
Preliminary

Figure 6: Comparing the robust and full combinations.

16

Expect substantial progress in 
Run II, and <1º with upgrade. 

(Theory error negligible).
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γ with loops from B0→ππ, Bs→KK

• If there were only the tree-contribution, 
B0→ππ would measure  2β + 2γ, 
Bs→KK would measure -φs + 2γ.


• But there are penguins. They 
complicate things, but provide 
sensitivity to new physics.


• Disentangle Penguin and Tree 
contribution. Assumes U-spin (d ↔ s) 
symmetry of strong interaction. Allows 
for up to 50% U-spin breaking.

b u

−2β −γ
+ −

b d

γ
phase from

d du u
π  πB

B phase from b umixing phase
db

34

6 Results and conclusions

Using the latest LHCb measurements of time-dependent CP violation in the B0
s

! K

+
K

�

decay, and following the approaches outlined in Refs. [9, 12], the angle � of the unitarity
triangle and the B

0
s

mixing phase �2�
s

have been determined. The approach of Ref. [9]
relies on the use of the U-spin symmetry of strong interactions relating B

0
s

! K

+
K

� with
B

0 ! ⇡

+
⇡

� decay amplitudes, whereas that of Ref. [12] relies on both isospin and U-spin
symmetries by combining the methods proposed in Refs. [9] and [13], i.e. considering also
the information from B

0 ! ⇡

0
⇡

0 and B

+ ! ⇡

+
⇡

0 decays. To follow the latter approach,
measurements solely coming from other experiments have been included in the analysis.

We have studied the impact of large non-factorizable U-spin breaking corrections on the
determination of � and �2�

s

. The relevant results in terms of 68% and 95% probability
intervals, which include uncertainties due to non-factorizable U-spin breaking e↵ects up to
50%, are summarized in Fig. 5.

With up to 50% U-spin breaking, the approach of Ref. [12] gives marginal improvements
in precision with respect to that of Ref. [9]. The former approach gives considerably more
robust results for larger U-spin breaking values. Following the approach of Ref. [12] and
taking the most probable value as central value, at 68% probability we obtain

� =
�
63.5+7.2

� 6.7

��
,

and, in an alternative analysis,

� 2�
s

= �0.12+0.14
� 0.16 rad.

These results have been verified to be robust with respect to the choice of the priors and
of the parameterization of non-factorizable U-spin breaking contributions. The value of
� shows no significant deviation from the averages of � from tree-level decays provided
by the UTfit collaboration and the CKMfitter group that quote � = (70.1 ± 7.1)� and
� =

�
68.0+8.0

�8.5

��
, respectively [7, 8]. Analogously, the value of �2�

s

is compatible with
the LHCb result from b ! cc̄s transitions, �

s

= 0.01 ± 0.07 (stat) ± 0.01 (syst) rad [15],
obtained using a data sample of pp collisions corresponding to an integrated luminosity of
1.0 fb�1.

In summary, the value of � from charmless two-body decays of beauty mesons is
found to be compatible and competitive with that from tree-level decays. However, since
the impact of U-spin breaking corrections is significant, further improvements in the
measurement of � are primarily limited by theoretical understanding of U-spin breaking.
By contrast, the impact of U-spin breaking e↵ects on the value of �2�

s

is small, and
significant improvements are anticipated with the advent of larger samples of data. It is
worth emphasising that the information on �2�

s

comes solely from the measurement of
CP violation in the B

0
s

! K

+
K

� decay [24], also based on a data sample of pp collisions
corresponding to an integrated luminosity of 1.0 fb�1. At present, the overall uncertainty
on �2�

s

, which also includes theoretical uncertanties, is only two times larger than that
obtained using b ! cc̄s transitions, as reported above.

13

Theory: Fleischer, Phys. Lett. B459 (1999) 306;  
Ciuchini, Franco, Mishima, Silvestrini: JHEP 10 (2012) 029

arXiv:1408.4368 (2014)

� = 73�+9�

�10� � = 78�+5.8�

�7.4�

compare  to
or
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2 Roads to New Physics

Direct Observations Indirect e�ects

Particles with MC2 > E

cannot be produced di-
rectly...

E=MC
2

... but they can have an e�ect as virtual
particles, especially in loops.

s
dd

b

_
s
_

s
_
s

KB

!

4

The Bs system

Analogy between two 2-state
systems: Light-polarisation
and Bs mesons.

• Linear pol. ⇤ Bs, B̄s.
• Circular pol. ⇤ BH, BL.
• Only BH, BL have well-

defined (and di⇤erent)
masses and lifetimes.

Mixing Parameters
• ⇥� ⇥ 1

�L
� 1

�H
= �H��L

�H�L
.

• ⇥m ⌅ oscillation frequency.

• Theory: ⇥� ⌅⇥m.

• Expect to measure both for
1st time at Tevatron.

4

New J.Phys. 15 (2013) 053021

FCNC

Charm Mixing

Dº Dº–c

u– –c

u

First single measurement with >5σ observation of charm mixing.

The decay time, ti, is the average value in each bin of the
RS sample. The fit parameters, !, include the three mixing
parameters (RD, y

0, x02) and five nuisance parameters used
to describe the decay time evolution of the secondary D
fraction (!B) and of the peaking background (!p). The
nuisance parameters are constrained to the measured val-
ues by the additional !2

B and !2
p terms, which account for

their uncertainties including correlations.
The analysis procedure is defined prior to fitting the data

for the mixing parameters. Measurements on pseudoex-
periments that mimic the experimental conditions of the
data, and where D0 ! "D0 oscillations are simulated, indi-
cate that the fit procedure is stable and free of any bias.

The fit to the decay-time evolution of the WS/RS ratio is
shown in Fig. 2 (solid line), with the values and uncertain-
ties of the parameters RD, y

0 and x02 listed in Table I. The
value of x02 is found to be negative but consistent with zero.
As the dominant systematic uncertainties are treated within
the fit procedure (all other systematic effects are negli-
gible), the quoted errors account for systematic as well as
statistical uncertainties. When the systematic biases are not
included in the fit, the estimated uncertainties on RD, y

0,
and x02 become, respectively 6%, 10%, and 11% smaller,

showing that the quoted uncertainties are dominated by
their statistical component. To evaluate the significance of
this mixing result, we determine the change in the fit !2

when the data are described under the assumption of the
no-mixing hypothesis (dashed line in Fig. 2). Under the
assumption that the !2 difference, !!2, follows a !2

distribution for two degrees of freedom, !!2 ¼ 88:6 cor-
responds to a p-value of 5:7# 10!20, which excludes the
no-mixing hypothesis at 9.1 standard deviations. This is
illustrated in Fig. 3 where the 1", 3", and 5" confidence
regions for x02 and y0 are shown.
As additional cross-checks, we perform the measure-

ment in statistically independent subsamples of the data,
selected according to different data-taking periods, and
find compatible results. We also use alternative decay-
time binning schemes, selection criteria or fit methods to
separate signal and background, and find no significant
variations in the estimated parameters. Finally, to assess
the impact of events where more than one candidate is
reconstructed, we repeat the time-dependent fit on data
after randomly removing the additional candidates and
selecting only one per event; the change in the measured
value of RD, y0, and x02 is 2%, 6%, and 7% of their
uncertainty, respectively.
In conclusion, we measure the decay time dependence of

the ratio between D0 ! Kþ#! and D0 ! K!#þ decays
using 1:0 fb!1 of data and exclude the no-mixing hypothe-
sis at 9.1 standard deviations. This is the first observation of
D0 ! "D0 oscillations in a single measurement. The mea-
sured values of the mixing parameters are compatible with
and have substantially better precision than those from
previous measurements [4,6,23].
We express our gratitude to our colleagues in the CERN

accelerator departments for the excellent performance of
the LHC. We thank the technical and administrative staff at
the LHCb institutes. We acknowledge support from CERN
and from the national agencies: CAPES, CNPq, FAPERJ,

TABLE I. Results of the time-dependent fit to the data. The
uncertainties include statistical and systematic sources; ndf
indicates the number of degrees of freedom.

Fit type
Parameter

Fit result Correlation coefficient
(!2=ndf) (10!3) RD y0 x02

Mixing RD 3:52% 0:15 1 !0:954 þ0:882
(9:5=10) y0 7:2% 2:4 1 !0:973

x02 !0:09% 0:13 1
No mixing RD 4:25% 0:04
(98:1=12)
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FIG. 3. Estimated confidence-level (C.L.) regions in the
(x02, y0) plane for 1! C:L: ¼ 0:317 (1"), 2:7# 10!3 (3"),
and 5:73# 10!7 (5"). Systematic uncertainties are included.
The cross indicates the no-mixing point.
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FIG. 2 (color online). Decay-time evolution of the ratio, R, of
WS D0 ! Kþ#! to RS D0 ! K!#þ yields (points) with the
projection of the mixing allowed (solid line) and no-mixing
(dashed line) fits overlaid.

PRL 110, 101802 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

8 MARCH 2013

101802-4

numerator: mixing amplitude 
Dº→Dº→K+π– significant 
denominator: for normalisation 
(mixing negligible)
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Figure 2: Decay time distribution for the sum of the five decay modes for candidates tagged as
mixed (di↵erent flavour at decay and production; red, continuous line) or unmixed (same flavour
at decay and production; blue, dotted line). The data and the fit projections are plotted in a
signal window around the reconstructed B0

s

mass of 5.32 – 5.55 GeV/c2.

The information provided by the opposite-side and same-side taggers for the signal is
combined to a single tagging decision q and a single mistag probability !(⌘OST, ⌘SST) using
their respective calibration parameters p0OST/SST

and p1OST/SST
. The individual background

components show di↵erent tagging characteristics for candidates tagged by the OST or
SST. The b hadron backgrounds show the same opposite-side tagging behaviour (q and
!) as the signal, while the combinatorial background shows random tagging behaviour.
For same-side tagged events, we assume random tagging behaviour for all background
components. We introduce tagging asymmetry parameters to allow for di↵erent numbers
of candidates being tagged as mixed or unmixed, and other parameters to describe the
tagging e�ciencies for these backgrounds. As expected, the fitted values of these asymmetry
parameters are consistent with zero within uncertainties.

All tagging parameters, as well as the value for �m
s

, are constrained to be the same
for the five decay modes. The result is �m

s

= 17.768 ± 0.023 ps�1 (statistical uncertainty
only). The likelihood profile was examined and found to have a Gaussian shape up to
nine standard deviations. The decay time distributions for candidates tagged as mixed
or unmixed are shown in Fig. 2, together with the decay time projections of the PDF
distributions resulting from the fit.

8
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2 Roads to New Physics

Direct Observations Indirect e�ects

Particles with MC2 > E

cannot be produced di-
rectly...

E=MC
2

... but they can have an e�ect as virtual
particles, especially in loops.

s
dd

b

_
s
_

s
_
s

KB

!

4

The Bs system

Analogy between two 2-state
systems: Light-polarisation
and Bs mesons.

• Linear pol. ⇤ Bs, B̄s.
• Circular pol. ⇤ BH, BL.
• Only BH, BL have well-

defined (and di⇤erent)
masses and lifetimes.

Mixing Parameters
• ⇥� ⇥ 1

�L
� 1

�H
= �H��L

�H�L
.

• ⇥m ⌅ oscillation frequency.

• Theory: ⇥� ⌅⇥m.

• Expect to measure both for
1st time at Tevatron.

4

New J.Phys. 15 (2013) 053021

FCNC

Dº Oscillations

Dº Dº–c

u– –c

u

numerator: mixing amplitude 
Dº→Dº→K+π– significant 
denominator: for normalisation 
(mixing negligible)

–

!2 ¼
X

i

!"
rþi # "þr ~Rþ

i

#þ
i

#
2
þ

"
r#i # "#r ~R#

i

##
i

#
2
$
þ !2

" þ !2
B

þ !2
p: (2)

The measured WS-to-RS yield ratio and its statistical
uncertainty in the decay-time bin i are denoted by r$i and
#$

i , respectively. The predicted value for the WS-to-RS
yield ratio ~R$

i corresponds to the time integral over bin i of
Eq. (1) including bin-specific corrections. These account
for small biases due to the decay-time evolution of the
approximately 3% fraction of signal candidates originating
from b-hadron decays (!B) and of the about 0.5% compo-
nent of peaking background from RS decays in which both
final-state particles are misidentified (!p) [18]. The rela-
tive efficiency "$r accounts for instrumental asymmetries
in the K$ reconstruction efficiencies, mainly caused by
K# mesons having a larger interaction cross section with
matter than Kþ mesons. These asymmetries are measured
in data to be in the range 0.8%–1.2% with 0.2% precision
and to be independent of decay time. They are derived
from the efficiency ratio "þr ¼ 1="#r ¼ "ðKþ$#Þ=
"ðK#$þÞ, obtained from the product of D# ! Kþ$#$#

and Dþ ! K0
Sð! $þ$#Þ$þ event yields divided by the

product of the corresponding charge-conjugate decay
yields. No CP violation is expected or experimentally
observed [23] in these decays. Asymmetries due to

CP violation in neutral kaons and their interaction cross
sections with matter are negligible. The 1% asymmetry
between Dþ and D# production rates [24] cancels in this
ratio, provided that the kinematic distributions are consis-
tent across samples. We weight theD#!Kþ$#$# events
so that their kinematic distributions match those in the
Dþ!K0

S$
þ sample. Similarly, these samples are weighted

as functions of K$ momentum to match the RS momen-
tum spectra. The parameters associated with !B, !p, and

"r are determined separately for TOS and TOS subsets and
vary independently in the fit within their Gaussian con-
straints !2

B, !
2
p, and !2

" [18].
To avoid experimenters’ bias in the CP violation para-

meters, the measurement technique is finalized by adding
arbitrary offsets to the WS-to-RS yield ratios for the D0

and "D0 samples, designed to mimic the effect of different
mixing parameters in the two samples. To rule out global
systematic uncertainties not accounted for in Eq. (2), the
data are first integrated over the whole decay-time spec-
trum and subsequently divided into statistically indepen-
dent subsets according to criteria likely to reveal biases
from specific instrumental effects. These include the num-
ber of primary vertices in the events, the K laboratory
momentum, the $s impact parameter !2 with respect to
the primary vertex, the D0 impact parameter !2 with
respect to the primary vertex, the magnetic field orientation,
and the hardware trigger category. The variations of the
time-integrated charge asymmetry inWS-to-RS yield ratios
are consistent with statistical fluctuations. Then, we inves-
tigate decay-time-dependent biases by dividing the time-
binned sample according to the magnet polarity and the
number of primary vertices per event. In the TOS sample,
differences of WS-to-RS yield ratios as functions of decay
time for opposite magnet polarities yield !2 values of
12, 17, and 14 (for 12 degrees of freedom), for events
with one, two, and more than two primary vertices, respec-
tively. The corresponding !2 values in the TOS sample, 9,
11, and 8, suggest a systematically better consistency.
Hence, the statistical uncertainty of each of the WS-to-RS
ratios in the TOS samples is increased by a factor offfiffiffiffiffiffiffiffiffiffiffiffiffi
17=12

p
, following Ref. [23]. These scaled uncertainties

are used in all subsequent fits. Independent analyses of
the 2011 and 2012 data yield consistent results. The ratio
between RS D0 to "D0 decay rates is independent of decay
time with a 62% p value and a standard deviation of 0.16%,
showing no evidence of correlations between particle iden-
tification or reconstruction efficiency and decay time.
Three fits are performed to the data shown in Fig. 2. The

first allows direct and indirect CP violation, the second
allows only indirect CP violation by constraining R$

D to a
common value, and the third is a CP-conserving fit that
constrains all mixing parameters to be the same in the D0

and "D0 samples. The fit results and their projections are
shown in Table I and Fig. 2, respectively. Figure 3 shows the
central values and confidence regions in the ðx02; y0Þ plane.
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FIG. 2 (color online). Efficiency-corrected ratios of WS-to-RS
yields for (a) D'þ decays, (b) D'# decays, and (c) their differ-
ences as functions of decay time in units of D0 lifetime.
Projections of fits allowing for (dashed line) no CP violation
(CPV), (dotted line) no direct CP violation, and (solid line) full
CP violation are overlaid. The abscissa of the data points
corresponds to the average decay time over the bin; the error
bars indicate the statistical uncertainties.

PRL 111, 251801 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
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251801-3

No evidence for CPV
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Impact on world average for CPV in mixing & 
interference between mixing and decay.

37

Results 

Silvia Borghi - University of Manchester Charm 2013 31 

No CPV (|q/p|, ϕ) = (1,0) point 
Consistent with CP conservation 

New 

 HFAG-charm 
CHARM 2013

2 Sep 2013
Average by HFAG

φ
D

Results 

Silvia Borghi - University of Manchester Charm 2013 31 

No CPV (|q/p|, ϕ) = (1,0) point 
Consistent with CP conservation 

New 

 HFAG-charm 
CHARM 2013

3 Sep 2013

Again, no evidence of CP violation or new physics - but a 
very impressive improvement in our knowledge

φ
D

LHCb @ 
CHARM 
2013
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Dº Mixing as input to γ from B±→DK±

!

• CLEO-c can measure them - but so can we (so far simulation, only)

Measuring � with B±� D0K± events
No tagging required!
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i
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f(D) can be KK, ⇥⇥,
K⇥, K⇥⇥⇥.

Best if interfering amplitudes are of similar
size
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K+π–π+π–

K+

��

D0

D0 ⇤ D0

D0

cc̄

⇥(e+e� ⇤ cc̄) ⇥ 1.3 fb�1

|M(t)⌅ =
1

2p

�
e�i(m1� i

2�1)t(p|M⌅+ q|M⌅) + e�i(m2� i
2�2)t(p|M⌅ � q|M⌅)

⇥

|M(t)⌅ =
1

2q

�
e�i(m1� i

2�1)t(p|M⌅+ q|M⌅)� e�i(m2� i
2�2)t(p|M⌅ � q|M⌅)

⇥

D
0

This process is sensitive to the same D-D 
interference effects that pollute this 
measurement.

—

Phys.Lett. B728 (2014) 296-302
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Mixing as input to γ from

CLEO-c input theory: Atwood, Soni: Phys.Rev. D68 (2003) 033003 
CLEO-c input: Phys.Rev.D80:031105,2009, update  
LHCb/mixing theory: arXiv:1309.0134 (2013)

Measuring � with B±� D0K± events
No tagging required!
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Simulation Studies
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I Toy simulation with 8 million signal events have been performed
with PDG central values.

I Combining these with results from CLEO-c can give a
considerable improvement in RK3⇡

D

and �K3⇡

D

constraints

Sam Harnew August 23, 2013 25 / 26

from D-D 
superpositions 

at CLEO-c

Input from charm 
mixing. Toy simulation 

with 8M CF+DCS events

Combination:CLEO-c 
and mixing simulation 
(with real data, soon).

Use interference effects in charm mixing as input to γ

–

Phys.Lett. B728 (2014) 296-302
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Searches for CPV by comparing binned Dalitz plots

• Compare yields in  
CP-conjugate bins 
 

!

• Calculate p-value for no-
CPV hypothesis based on 

• Model independent. Many 
production and detection 
effects cancel.

↵ =
N

total

N̄
total

40

1 Introduction

In the Standard Model (SM), CP violation in processes involving charm hadrons is small.
However, physics beyond the SM can significantly enhance the rate of CP violation [1]
making the charm sector a promising area to search for increased CP violation.

The LHCb collaboration has recently found first evidence for CP violation (CPV) in
the charm sector in D0 ! ⇡+⇡�, D0 ! K+K� decays [2], at the level of 0.8%. Several
potential explanations for such a level of CP violation in charm have been put forward,
including physics beyond the SM as well as SM sources of CP violation [3,4]. This note
describes a complementary search for CPV in D0 ! ⇡�⇡+⇡+⇡� decays. D0 ! ⇡�⇡+⇡+⇡�

occurs through a variety of intermediate resonances (predominantly D0 ! ⇢0⇢0 and D0

! a
1

(1260)+⇡�) resulting in a rich structure of interfering amplitudes. These can be
studied in a four-body generalisation of the Dalitz plot, which now has five instead of two
dimensions.

In this study, we perform a model-independent search for CP violating variations in the
shape of this five-dimensional phase space distribution, in a similar manner as suggested
for Dalitz plots in [5]. Our study is therefore sensitive to local CP violation e↵ects across
phase space. On the other hand, we do not compare the total decay rates, making us
insensitive to global CP asymmetries, but also to global production and detection e↵ects.

Our study uses the decay D⇤+ ! D0(⇡�⇡+⇡+⇡�)⇡+

s , where the charge of the slow
pion (⇡+

s ) tags the flavour of the D0.
The five-dimensional phase space for the D0 ! ⇡�⇡+⇡+⇡� decay is divided into bins,

and the D0 and D0 decay rates to CP -conjugate bins are compared. The following CP
asymmetry variable is defined [5–7] for each pair of CP -conjugate bins:

Si
CP =

N i(D0)� ↵N i(D0)q
N i(D0) + ↵2N i(D0)

, ↵ =

P
i N

i(D0)
P

i N
i(D0)

, (1)

where N i(D0) is the number of D0 candidates in the ith bin and N i(D0) is the number of
candidates in the CP -conjugate bin, and ↵ is a normalisation constant. This normalisation
makes the method insensitive to global asymmetries.

In the absence of CPV, the Si
CP values for all bins in phase space result in a Gaussian

distribution, with mean 0 and width 1. Any significant deviation from this distribution is
evidence for local asymmetries.

The degree of asymmetry is quantified by calculating the �2 and its probability value
under the hypothesis of no CPV,

�2 =
X

i

(Si
CP )

2, (2)

N
dof

= N
bins

� 1. (3)

The number of degrees of freedom is equal to the number of bins subtracting one for
the normalisation constraint.

1

SCP =
Ni � ↵N i

�(Ni � ↵N i)

0

500

1000

1500

2000

2500

3000

]4c/2 [GeVlow s
0 0.5 1 1.5

]4 c/2
 [G

eV
hi

gh
 s

0

0.5

1

1.5

2

2.5

3

LHCb

 (a) 

0

1000

2000

3000

4000

5000

6000

7000

8000

]4c/2 [GeVlow s
0 0.5 1 1.5 2

]4 c/2
 [G

eV
hi

gh
 s

0

0.5

1

1.5

2

2.5

3

3.5

LHCb

 (b) 

Figure 2: Dalitz plots for (a) D+! ⇡�⇡+⇡+ and (b) D+

s

! ⇡�⇡+⇡+ candidates selected within
±2�̃ around the respective m̃ weighted average mass.

4 Binned analysis

4.1 Method

The binned method used to search for localised asymmetries in the D+ ! ⇡�⇡+⇡+

decay phase space is based on a bin-by-bin comparison between the D+ and D� Dalitz
plots [19,20]. For each bin of the Dalitz plot, the significance of the di↵erence between the
number of D+ and D� candidates, S i

CP

, is computed as

S i

CP

⌘ N+

i

� ↵N�
ip

↵(N+

i

+N�
i

)
, ↵ ⌘ N+

N� , (1)

where N+

i

(N�
i

) is the number of D+ (D�) candidates in the ith bin and N+ (N�) is
the sum of N+

i

(N�
i

) over all bins. The parameter ↵ removes the contribution of global
asymmetries which may arise due to production [21, 22] and detection asymmetries, as
well as from CPV . Two binning schemes are used, a uniform grid with bins of equal size
and an adaptive binning where the bins have the same population.

In the absence of localised asymmetries, the S i

CP

values follow a standard normal
Gaussian distribution. Therefore, CPV can be detected as a deviation from this behaviour.
The numerical comparison between the D+ and D� Dalitz plots is made by a �2 test,
with �2 =

P
i

(S i

CP

)2. A p-value for the hypothesis of no CPV is obtained considering that
the number of degrees of freedom (ndf) is equal to the total number of bins minus one,
due to the constraint on the overall D+/D� normalisation.

A CPV signal is established if a p-value lower than 3⇥10�7 is found, in which case it
can be converted to a significance for the exclusion of CP symmetry in this channel. If no
evidence of CPV is found, this technique provides no model-independent way to set an
upper limit.
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Figure 9: Distributions of Si

CP

across the D+ Dalitz plane, with the adaptive binning scheme of
uniform population for the total D+! ⇡�⇡+⇡+ data sample with (a) 49 and (c) 100 bins. The
corresponding one-dimensional Si

CP

distributions (b) and (d) are shown with a standard normal
Gaussian function superimposed (solid line).

in D+ and D+

s

decays, the region R1-R7 definition for the signal mode is di↵erent from
the definition used in the control mode (compare Figs. 4a and 11a). The region P1-P3
definitions are the same. The results for the raw asymmetry are shown in Fig. 12. The
production asymmetry is clearly visible in all the regions with the same magnitude as in
the control channel (see Fig. 6). It is accounted for in the kNN method as a deviation of
the measured value of µ

T

from the reference value µTR shown in Fig. 12. In the signal
sample the values µ

T

� 0.5 = (98± 15)⇥ 10�7 and (µ
T

�µTR)/�(µ
T

�µTR) = 6.5� in the
full Dalitz plot are a consequence of the 0.4% global asymmetry similar to that observed
in the control mode and consistent with the previous measurement from LHCb [21].

The pull values of T and the corresponding p-values for the hypothesis of no CPV
are shown in Fig. 13 for the same regions. To check for any systematic e↵ects, the test is
repeated for samples separated according to magnet polarity. Since the sensitivity of the

12
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Figure 9: Distributions of Si

CP

across the D+ Dalitz plane, with the adaptive binning scheme of
uniform population for the total D+! ⇡�⇡+⇡+ data sample with (a) 49 and (c) 100 bins. The
corresponding one-dimensional Si

CP

distributions (b) and (d) are shown with a standard normal
Gaussian function superimposed (solid line).

in D+ and D+

s

decays, the region R1-R7 definition for the signal mode is di↵erent from
the definition used in the control mode (compare Figs. 4a and 11a). The region P1-P3
definitions are the same. The results for the raw asymmetry are shown in Fig. 12. The
production asymmetry is clearly visible in all the regions with the same magnitude as in
the control channel (see Fig. 6). It is accounted for in the kNN method as a deviation of
the measured value of µ

T

from the reference value µTR shown in Fig. 12. In the signal
sample the values µ

T

� 0.5 = (98± 15)⇥ 10�7 and (µ
T

�µTR)/�(µ
T

�µTR) = 6.5� in the
full Dalitz plot are a consequence of the 0.4% global asymmetry similar to that observed
in the control mode and consistent with the previous measurement from LHCb [21].

The pull values of T and the corresponding p-values for the hypothesis of no CPV
are shown in Fig. 13 for the same regions. To check for any systematic e↵ects, the test is
repeated for samples separated according to magnet polarity. Since the sensitivity of the

12

p=75%
(other binning schemes lead to 
similar result)

χ2=89.1 for 100 bins - 
compatible with CP 
conservation at

3.1M D±→πππ in 1/fb
Phys.Lett. B728 (2014) 585-595
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More CPV in charm.

• Compare D→f yields with D→f. 


• Looking for tiny signals. LHCb uses 
huge data samples, and data-driven 
methods to control systematics.


• Looked at hundreds of millions of 
clean signal events in various singly 
Cabibbo suppressed decay channels 
(the ones with penguins).


• Sadly, no evidence for direct CPV.

41
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Figure 1: Distributions of (a,c,e) m(hhhh) and (b,d,f) �m for (a,b) D0! K�K+⇡�⇡+, (c,d)
D0! ⇡�⇡+⇡+⇡�, and (e,f) D0! K�⇡+⇡+⇡� candidates for magnet up polarity. Projections
of the two-dimensional fits are overlaid, showing the contributions for signal, combinatorial
background, and random soft pion background. The contributions from D0! K�⇡+⇡�⇡+⇡0

and D+
s

! K�K+⇡�⇡+⇡+ contamination are also shown for the D0! K�K+⇡�⇡+ sample.

4

Phys.Lett. B726 (2013) 623-633

LHCb charm data are amazingly 
clean.  
!
Example below: 330k D*+→Dºπ, 
Dº→ππππ in 1/fb for CPV.  
!
This is a Cabibbo-suppressed 
decay. We have to reconstruct a 5-
pion final state at a hadron collider. 
And we see hardly any background.

PhysRevD.84.112008 (2011)

JHEP 1306 (2013) 112

Phys.Lett. B726 (2013) 623-633 

LHCb-CONF-2013-003 (2013)
Phys. Lett. B 723 (2013) 33-43

__

Phys.Lett. B728 (2014) 585-595
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Photon from b→s transitions in the SM are, up to 0(ms/mb)2 

corrections, left-handed.

b

s

γ

γ

s

OK wrong helicity, 
highly suppressed

p p

p p

sz sz

szsz

sz

But: why repeat Madame 
Wu’s experiment?

Phys. Rev. 105, 1413 (1957) 
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But: why repeat Madame 
Wu’s experiment?

Phys. Rev. 105, 1413 (1957) 

Radiative B decays
• Access to possible NP through the virtual loop (2HDM, SUSY...)

- Transitions especially sensitive to NP in the C7γ coefficient

• Exclusive decays difficult from the theoretical point of view 
due to form factor
- Find form-factor free observables, such as CP and isospin 

asymmetries

• Photon polarization as test of the SM
6

electromagnetic 
penguin operator

Radiative B decays
• Access to possible NP through the virtual loop (2HDM, SUSY...)

- Transitions especially sensitive to NP in the C7γ coefficient

• Exclusive decays difficult from the theoretical point of view 
due to form factor
- Find form-factor free observables, such as CP and isospin 

asymmetries

• Photon polarization as test of the SM
6

electromagnetic 
penguin operator

• Mme Wu studied a tree-level decay: 

!

• b→sγ is a loop-mediated FCNC in 
the SM: 
 

• which could lead to surprises:

d u

ν
eW

b s
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radiative penguins
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Angle definition
• In order to avoid cancellations due to symmetries, neutral 

Kππ combinations requiere a change of the sign of cosθ 
according to s12 and s13

• The same convention is used for consistency

37

pπ,slow

pK

pπ,fast
θ

!

pπ,slow x pπ,fast

�n = �p�,slow � �p�,fast B±→K+ π– π+ γ
B±

(K+ π– π+)

restframe

Up-down asymmetry relative 
to (oriented) K+ π– π+ decay 
plane is proportional to 
photon polarisation λγ.

γ
cos

ˆ✓ = sign(charge)B±
cos ✓

in bins of (K+ π– π+) mass

]2
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Figure 2: Background-subtracted K+⇡�⇡+ mass distribution of the B+ ! K+⇡�⇡+� signal.
The four intervals of interest, separated by dashed lines, are shown.

spectra in bins of the photon angle is performed in order to determine the background-
subtracted angular distribution; the previously described PDF is used to model the mass
spectrum in each bin, with all of the fit parameters being shared except for the yields.
Since the sign of the photon polarization depends on the sign of the electric charge of the B
candidate, the angular variable cos ✓̂ ⌘ charge(B) cos ✓ is used. The resulting background-
subtracted cos ✓̂ distribution, corrected for the selection acceptance and normalized to the
inverse of the bin width, is fit with a fourth-order polynomial function normalized to unit
area,

f(cos ✓̂; c
0

=0.5, c
1

, c

2

, c

3

, c

4

) =
4X

i=0

c

i

L

i

(cos ✓̂) , (3)

where L

i

(x) is the Legendre polynomial of order i and c

i

is the corresponding coe�cient.
Using Eqs. 1 and 3 the up-down asymmetry defined in Eq. 2 can be expressed as

A
ud

= c

1

� c

3

4
. (4)

As a cross-check, the up-down asymmetry in each mass interval is also determined with a
counting method, rather then an angular fit, as well as considering separately the B

+ and
B

� candidates. All these checks yield compatible results.
The results obtained from a �

2 fit of the normalized binned angular distribution,
performed taking into account the full covariance matrix of the bin contents and all of
the systematic uncertainties, are summarized in Table 1. These systematic uncertainties
account for the e↵ect of choosing a di↵erent fit model, the impact of the limited size of the
simulated samples on the fixed parameters, and the possibility of some events migrating
from a bin to its neighbor because of the detector resolution, which gives the dominant
contribution. The systematic uncertainty associated with the fit model is determined by
performing the mass fit using several alternative PDFs, while the other two are estimated
with simulated pseudoexperiments. Such uncertainties, despite being of the same size as
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the statistical uncertainty, do not substantially a↵ect the fit results since they are strongly
correlated across all angular bins.

The fitted distributions in the four K+
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+ mass intervals of interest are shown in
Fig. 3. In order to illustrate the e↵ect of the up-down asymmetry, the results of another
fit imposing c
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= 0, hence forbidding the terms that carry the �
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dependence, are
overlaid for comparison.

The combined significance of the observed up-down asymmetries is determined from a �2

test where the null hypothesis is defined as �
�

= 0, implying that the up-down asymmetry
is expected to be zero in each mass interval. The corresponding �

2 distribution has four
degrees of freedom, and the observed value corresponds to a p-value of 1.7⇥ 10�7. This
translates into a 5.2 � significance for nonzero up-down asymmetry. Up-down asymmetries
can be computed also for an alternative definition of the photon angle, obtained using the
normal ~p
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+ instead of ~p
⇡,slow
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⇡,fast

. The obtained values, along with the relative
fit coe�cients, are listed in Table 2.

To summarize, a study of the inclusive flavor-changing neutral current radiative
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+ mass in the [1.1, 1.9] GeV/c2 range, is performed
on a data sample corresponding to an integrated luminosity of 3 fb�1 collected in pp

collisions at 7 and 8TeV center-of-mass energies by the LHCb detector. A total of
13 876± 153 signal events is observed. The shape of the angular distribution of the photon
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= 0, implying that the up-down asymmetry
is expected to be zero in each mass interval. The corresponding �

2 distribution has four
degrees of freedom, and the observed value corresponds to a p-value of 1.7⇥ 10�7. This
translates into a 5.2 � significance for nonzero up-down asymmetry. Up-down asymmetries
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is expected to be zero in each mass interval. The corresponding �
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degrees of freedom, and the observed value corresponds to a p-value of 1.7⇥ 10�7. This
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red: no γ polarisation 
blue: fit

First observation of P violation in radiative decays.

LHCb: arXiv:1402.6852 (2014)
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• Helicity-suppressed 
FCNC - very rare in 
SM!


• SM prediction [1]*: 
BF(Bs→μ+μ–) =  
(3.56 ± 0.30) · 10–9                   

BF(Bd→μ+μ–) =  
(1.07 ± 0.05) · 10–10


• Large enhancements 
in many SUSY 
models, ∝tan6β

[1] Eur. Phys. J. C72 (2012) 2172 and Phys. Rev. D 86, 014027 (2012)  
*) this BF refers to the time-integrated value, which differs from the one at t=0 due to the lifetime 
difference between the two Bs mass eigenstates. See Phys. Rev. D 86, 014027 (2012).

Di-muon spectrum at CMS

Bs→μ+μ– ? 
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Figure 2: Invariant mass distribution of the selected
B0

(s) ! µ+µ� candidates (black dots) with BDT > 0.7.
The result of the fit is overlaid (blue solid line) and the
di↵erent components detailed: B0

s

! µ+µ� (red long
dashed), B0 ! µ+µ� (green medium dashed), combinato-
rial background (blue medium dashed), B0

(s) ! h+h0� (ma-

genta dotted), B0(+) ! ⇡0(+)µ+µ� (light blue dot-dashed),
B0 ! ⇡�µ+⌫

µ

and B0
s

! K�µ+⌫
µ

(black dot-dashed).

results in

B(B0

s ! µ+µ�)= (2.9+1.1
�1.0(stat)

+0.3
�0.1(syst))⇥ 10�9 ,

B(B0 ! µ+µ�)= (3.7+2.4
�2.1(stat)

+0.6
�0.4(syst))⇥ 10�10 .

The statistical uncertainty is derived by repeating
the fit after fixing all the fit parameters, except the
B0

s ! µ+µ� and B0 ! µ+µ� branching fractions
and the slope and normalisation of the combinatorial
background, to their expected values. The systematic
uncertainty is obtained by subtracting in quadrature
the statistical uncertainty from the total uncertainty
obtained from the likelihood with all nuisance param-
eters allowed to vary according to their uncertainties.
Additional systematic uncertainties reflect the impact
on the result of changes in the parametrisation of the
background by including the ⇤0

b ! pµ�⌫̄µ component
and by varying the mass shapes of backgrounds from
b-hadron decays, and are added in quadrature. The val-
ues of the B0

(s) ! µ+µ� branching fractions obtained
from the fit are in agreement with the SM expectations.
The invariant mass distribution of the B0

(s) ! µ+µ�

candidates with BDT > 0.7 is shown in Fig. 2.
As no significant excess of B0 ! µ+µ� events

is found, a modified frequentist approach, the CL
s

method [38] is used, to set an upper limit on the
branching fraction. The method provides CL

s+b

, a

measure of the compatibility of the observed distribu-
tion with the signal plus background hypothesis, CL

b

,
a measure of the compatibility with the background-
only hypothesis, and CL

s

= CL
s+b

/CL
b

. A search
region is defined around the B0 invariant mass as
mB0 ± 60MeV/c2. For each BDT bin the invariant
mass signal region is divided into nine bins with bound-
aries mB0 ± 18, 30, 36, 48, 60MeV/c2, leading to a total
of 72 search bins.
An exponential function is fitted, in each BDT bin,

to the invariant mass sidebands. Even though they
do not contribute to the signal search window, the
b-hadron backgrounds are added as components in the
fit to account for their e↵ect on the combinatorial back-
ground estimate. The uncertainty on the expected
number of combinatorial background events per bin
is determined by applying a Poissonian fluctuation to
the number of events observed in the sidebands and by
varying the exponential slopes according to their uncer-
tainties. In each bin, the expectations for B0

s ! µ+µ�

decays assuming the SM branching fraction and for
B0

(s) ! h+h0� background are accounted for. For each
branching fraction hypothesis, the expected number
of signal events is estimated from the normalisation
factor. Signal events are distributed in bins according
to the invariant mass and BDT calibrations.
In each bin, the expected numbers of signal and

background events are computed and compared to
the number of observed candidates using CL

s

. The
expected and observed upper limits for the B0 ! µ+µ�

channel are summarised in Table 2 and the expected
and observed CL

s

values as functions of the branching
fraction are shown in Fig. 3.

In summary, a search for the rare decays B0

s ! µ+µ�

and B0 ! µ+µ� is performed with pp collision data
corresponding to integrated luminosities of 1 fb�1 and
2 fb�1 collected at

p
s = 7TeV and 8TeV, respec-

tively. The B0 decay yield is not significant and an
improved upper limit of B(B0 ! µ+µ�) < 7.4⇥ 10�10

at 95% CL is obtained. The B0

s ! µ+µ� signal is

Table 2: Expected limits for the background only (bkg)
and background plus SM signal (bkg+SM) hypotheses, and
observed limits on the B0 ! µ+µ� branching fraction.

90% CL 95% CL

Exp. bkg 3.5⇥ 10�10 4.4⇥ 10�10

Exp. bkg+SM 4.5⇥ 10�10 5.4⇥ 10�10

Observed 6.3⇥ 10�10 7.4⇥ 10�10

4

•  LHCb update at EPS:  
–  2.1fb-1 → 3.0fb-1 
–  Improved reconstruction 
–  Additional variables added to BDT  
–  Expected sensitivity: 3.7→5.0σ$

•  B (Bs
0→µ+µ-) =  

 (2.9+1.1
-1.0(stat)+0.3

-0.1(syst))×10−9 

 → 4σ$
•  B (B0→µ+µ-) =  

 (3.7+2.4
-2.1(stat)+0.6

-0.4(syst))×10−10 

 → 2.0σ $[<7.4×10−10 at 95% CL]$

$

 

15"

•  CMS update at EPS 
–  5fb-1 → 25fb-1 

–  Cut-based selection → BDT 
–  New and improved variables 
–  Expected sensitivity: 4.8σ$

•  B (Bs
0→µ+µ-) =  

 (3.0+1.0
-0.9)×10−9 

 → 4.3σ$
•  B (B0→µ+µ-) =  

 (3.5+2.1
-1.8)×10−10 

 → 2.0σ $[<11.0×10−10 at 95% CL]$

•  ATLAS also gave an update at EPS : B (Bs
0→µ+µ-) <1.5×10−8 at 95% CL 

[arXiv:1307.5024] [arXiv:1307.5025] 

B
�
B0

s ! µ+µ�� =
�
2.9+1.1

�1.0
+0.3
�0.1

�
⇥ 10�9

B
�
B0

d ! µ+µ�� =
�
3.7+2.4

�2.1
+0.6
�0.4

�
⇥ 10�10

LHCb CMS

B
�
B0

s ! µ+µ�� =
�
3.7+1.0

�0.9

�
⇥ 10�9

Phys.Rev.Lett. 111 (2013) 101805 Phys.Rev.Lett. 111 (2013) 101804

B
�
B0

s ! µ+µ�� = (2.9± 0.7)⇥ 10�9

B
�
B0

d ! µ+µ�� =
�
3.5+2.1

�1.8

�
⇥ 10�10

B
�
B0

d ! µ+µ�� =
�
3.6+1.6

�1.4

�
⇥ 10�10

[LHCb-CONF-2013-012] [CMS-PAS-BPH-13-007]

}
SM: (3.2± 0.2)⇥ 10�9

SM: (1.0± 0.1)⇥ 10�10
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•  Interest for the future will be measuring the ratio B(Bd
0→µ+µ−)/B

(Bs
0→µ+µ−) 

–  In SM, given by |Vtd/Vts|2  → 5% theory precision 
–  Major issue double decay in flight with Bd

0→π+π− decays 
–  With LHCb upgrade (50fb-1) could measure ratio to ~35%  

17"

B0
(s)→µ+µ− – future 

•  Interest for the future will be measuring the ratio B(Bd
0→µ+µ−)/B

(Bs
0→µ+µ−) 

–  In SM, given by |Vtd/Vts|2  → 5% theory precision 
–  Major issue double decay in flight with Bd

0→π+π− decays 
–  With LHCb upgrade (50fb-1) could measure ratio to ~35%  

17"

B0
(s)→µ+µ− – future 

SUSY killer

(OK, SUSY is not really dead, but it’s definitely 
looking a bit under the weather)

adapted from 
D.Straub arXiv:1205.6094
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The decay Bd ! K⇤µµ

Decay rare (Branching ratio: O(10�6)) in standard model, e.g.:

Bd K*
d

b su, c, t

W+

Z,

Bd K*
d

b s

u, c, t

W+

Z,

Bd K*
d

b su, c, t

W W

but sensitive to new physics inside loops, e.g.:

P. Koppenburg

b → ℓℓs decays
• Suppressed by αEM

BR(b → ℓℓs) = (4.5 ± 1.0) · 10−6

BR(B → ℓℓK) = (0.5 ± 0.1) ·10−6

• Sensitive to
• SuSy,
• graviton exchanges,
• extra dimensions
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LHC — rare semileptonic and radiativeB decays— Beach 2006 – p.12/21
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Hugh Skottowe Rare Bd ! K⇤µµ decays at LHCb (2/4/8) (3/10)

sensitive to New Physics in loops, e.g.
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K*

μ+

μ–

θ

Forward: θ < !/2

K*
μ+

μ–

θ

Backward: θ > !/2

K*

μ+

μ–

θ

Forward: θ < !/2

K*
μ+

μ–

θ

Backward: θ > !/2

• Forward-backward asymmetry as 
function of q2 = m2(μμ)

84 CMS Collaboration / Physics Letters B 727 (2013) 77–100

Fig. 7. Measurements versus q2 of F L (top), AFB (middle), and the branching fraction
(bottom) for B → K∗ℓ+ℓ− from CMS (this Letter), Belle [36], CDF [37,55], BaBar [56],
and LHCb [38]. The error bars give the total uncertainty. The vertical shaded regions
correspond to the J/ψ and ψ ′ resonances. The other shaded regions are the result
of rate-averaging the SM prediction across the q2 bins to allow direct comparison to
the data points. Reliable theoretical predictions between the J/ψ and ψ ′ resonances
(10.09 < q2 < 12.86 GeV2) are not available.

Table 3
Measurements from CMS (this Letter), LHCb [38], BaBar [56], CDF [37,55], and
Belle [36] of F L , AFB, and dB/dq2 in the region 1 < q2 < 6 GeV2 for the decay
B → K∗ℓ+ℓ− . The first uncertainty is statistical and the second is systematic. The
SM predictions are also given [14].

Experiment F L AFB dB/dq2

(10−8 GeV−2)

CMS 0.68 ± 0.10 ± 0.02 −0.07 ± 0.12 ± 0.01 4.4 ± 0.6 ± 0.4

LHCb 0.65+0.08
−0.07 ± 0.03 −0.17 ± 0.06 ± 0.01 3.4 ± 0.3+0.4

−0.5

BaBar – – 4.1+1.1
−1.0 ± 0.1

CDF 0.69+0.19
−0.21 ± 0.08 0.29+0.20

−0.23 ± 0.07 3.2 ± 1.1 ± 0.3

Belle 0.67 ± 0.23 ± 0.05 0.26+0.27
−0.32 ± 0.07 3.0+0.9

−0.8 ± 0.2

SM 0.74+0.06
−0.07 −0.05 ± 0.03 4.9+1.0

−1.1

MES (Bulgaria); CERN; CAS, MoST, and NSFC (China); COLCIENCIAS
(Colombia); MSES (Croatia); RPF (Cyprus); MoER, SF0690030s09
and ERDF (Estonia); Academy of Finland, MEC, and HIP (Finland);
CEA and CNRS/IN2P3 (France); BMBF, DFG, and HGF (Germany);
GSRT (Greece); OTKA and NKTH (Hungary); DAE and DST (India);
IPM (Iran); SFI (Ireland); INFN (Italy); NRF and WCU (Republic of
Korea); LAS (Lithuania); CINVESTAV, CONACYT, SEP, and UASLP-
FAI (Mexico); MBIE (New Zealand); PAEC (Pakistan); MSHE and
NSC (Poland); FCT (Portugal); JINR (Dubna); MON, RosAtom, RAS
and RFBR (Russia); MESTD (Serbia); SEIDI and CPAN (Spain); Swiss
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Figure 3: Forward-backward asymmetry A

FB

, including statistical and systematic uncertainties, com-
pared to theoretical predictions [13] calculated for the limits of small values of q

2 and large values of q

2

including theoretical uncertainties .

4 Conclusion

Using 4.9 fb�1 of integrated luminosity taken at
p

s = 7 TeV at the ATLAS experiment, B

0
d

! K

⇤0µ+µ�

events have been reconstructed and the angular distribution of their final state particles measured. The
forward backward asymmetry A

FB

and the K

⇤0 longitudinal polarisation F

L

have been measured as
function of the di-muon mass squared q

2. The results obtained on A

FB

and F

L

are mostly consistent with
theoretical predictions [13] and measurements performed by other experiments [3, 4, 5, 7]. The results
for F

L

in the low q

2 bins slightly deviate from Standard Model expectations.

q

2 range (GeV2) N

sig A

FB

F

L

2.00 < q

2 < 4.30 19 ± 8 0.22 ± 0.28 ± 0.14 0.26 ± 0.18 ± 0.06

4.30 < q

2 < 8.68 88 ± 17 0.24 ± 0.13 ± 0.01 0.37 ± 0.11 ± 0.02

10.09 < q

2 < 12.86 138 ± 31 0.09 ± 0.09 ± 0.03 0.50 ± 0.09 ± 0.04

14.18 < q

2 < 16.00 32 ± 14 0.48 ± 0.19 ± 0.05 0.28 ± 0.16 ± 0.03

16.00 < q

2 < 19.00 149 ± 24 0.16 ± 0.10 ± 0.03 0.35 ± 0.08 ± 0.02

1.00 < q

2 < 6.00 42 ± 11 0.07 ± 0.20 ± 0.07 0.18 ± 0.15 ± 0.03

Table 3: Summary of the fit results for the di↵erent bins of q

2. Number of signal events N

sig from the
mass fit and its statistical uncertainty, forward backward asymmetry A

FB

and longitudinal polarisation
F

L

for di↵erent bins in q

2 including statistical and systematic uncertainties.

7

• Good agreement with SM. 


• First measurement of zero-crossing point: q02=4.9 ± 0.9 GeV2/c4

LHCb: JHEP 1308 (2013) 131

ATLAS-CONF-2013-038
CMS: Physics Letters B 727 (2013) 77–100

Theory: Phys.Rev. D87 (2013) 034016
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B0!K*(!K+π-)µµ 

Observables with limited dependence on 
form-factor uncertainty have been 
proposed by several authors: 

18#24/07/2013* Nicola*Serra*#*EPS*2013* 5*

Kruger-Matias (2005), Matias et al. (2012), Egede-
Matias-Hurth-Ramon-Reece (2008), Bobeth-Hiller-Van 
Dyk (2010-11), Beciveric-Schneider (2012) 

N.D.: There are other observables which are combination of 
those presented here 

Phys.Rev.Lett. 111 (2013) 191801

1 Introduction

Within the Standard Model the decay B

0
d

! K

⇤0µ+µ� occurs via loop diagrams that mediate the transition
b ! s`+`� and therefore has a small branching fraction of (1.06 ± 0.1) · 10�6 [1]. It is found [2] that
angular distributions of the 4-particle final state, as well as the decay amplitudes, are sensitive to physics
beyond the Standard Model, mainly as a result of the interference of new diagrams with the Standard
Model diagrams.

The decay B

0
d

! K

⇤0µ+µ� with K

⇤0 ! K

+⇡� is described by four kinematic variables, one is
the invariant mass q

2 of the di-muon system and the other three are angles describing the geometrical
configuration of the final state as shown in Figure 1: ✓

L

is the angle between the µ+ and the direction
opposite to the B

0
d

in the di-muon rest frame, ✓
K

is the angle between the K

+ and the direction opposite
to the B

0
d

in the K

⇤0 rest frame, and � is the angle between the plane defined by the two muons and the
plane defined by the kaon-pion system in the B

0
d

rest frame. In the case of the B

0
d

the angles ✓
L

and ✓
K

are defined with respect to the µ� and the K

�, respectively.
When the amount of data is insu�cient to study the 4-di↵erential decay rate, the di↵erential decay

rate is projected from the four kinematic variables into the 2-dimensional distributions d2�/dq

2dcos ✓
L

and d2�/dq

2dcos ✓
K

by integrating over the two other variables. These distributions are binned in intervals
of q

2, and the values of the K

⇤0 longitudinal polarisation fraction F

L

and of the lepton forward-backward
asymmetry A

FB

are extracted, averaged in the q

2 bins. This measurement was previously performed by
BaBar [3], Belle [4], CDF [5] and LHCb [6, 7]. In this work we present a measurement of A

FB

and F

L

in five out of the six q

2 bins listed in Table 3 and in the wider bin 1 < q

2 < 6 GeV2.

�

B0
d

µ+

µ�

K+

⇡�

✓L ✓K

Figure 1: Definition of the kinematic angles in the decay B

0
d

! K

⇤0µ+µ�.

2 Event Reconstruction and Signal Selection

2.1 The ATLAS Detector

The ATLAS experiment [8] at the LHC is a general purpose particle detector covering almost the full
solid angle around the pp collision point with layers of tracking detectors, calorimeters and muon track-
ing chambers. The measurement presented here is mainly based on the Inner Detector (ID) and the Muon
System (MS).

The ID consists of a silicon pixel detector, surrounded by a silicon strip detector (SCT) and a transi-
tion radiation tracker, embedded in a 2 T axial magnetic field. Charged particle trajectories are measured
for |⌘| < 2.51. Enclosing the calorimeter, the MS has a toroidal magnetic field and contains a combination
of monitored drift tubes and cathode strip chambers, capable of measuring muon trajectories in a range

1The pseudorapidity is ⌘ = �ln(tan(✓/2)), where ✓ is the polar angle measured from the beam line.The ATLAS coordinate
system is described in reference [8].

1
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The presence of a K+⇡� system in an S-
wave configuration, due to a non-resonant con-
tribution or to feed-down from K+⇡� scalar
resonances, results in additional terms in the
di↵erential angular distribution. Denoting the
right-hand side of Eq. 1 by WP, the di↵erential
decay rate takes the form

(1� FS)WP +
9

32⇡
(WS +WSP) , (7)

where

WS =
2

3
FS sin

2 ✓
`

(8)

and WSP is given by

4

3
AS sin

2 ✓
`

cos ✓
K

+ A(4)
S sin ✓

K

sin 2✓
`

cos�+

A(5)
S sin ✓

K

sin ✓
`

cos�+ A(7)
S sin ✓

K

sin ✓
`

sin�

+A(8)
S sin ✓

K

sin 2✓
`

sin� .
(9)

The factor FS is the fraction of the S-wave
component in the K⇤0 mass window, and WSP

contains all the interference terms, A(i)
S , of the

S-wave with the K⇤0 transversity amplitudes
as defined in Ref. [26]. In Ref. [7], FS was mea-
sured to be less than 0.07 at 68% confidence
level. The maximum value that the quanti-
ties A(i)

S can assume is a function of FS and
FL [11]. The S-wave contribution is neglected
in the fit to data, but its e↵ect is evaluated
and assigned as a systematic uncertainty us-
ing pseudo-experiments. A large number of
pseudo-experiments with FS = 0.07 and with
the interference terms set to their maximum
allowed values are generated. All other param-
eters, including the angular observables, are set
to their measured values in data. The pseudo-
experiments are fitted ignoring S-wave and in-
terference contributions. The corresponding
bias in the measurement of the angular observ-
ables is assigned as a systematic uncertainty.
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Figure 1: Measured values of P 0
4 and P 0

5 (black
points) compared with SM predictions from
Ref. [11] (blue bands).

The results of the angular fits to the data are
presented in Table 1. The statistical uncertain-
ties are determined using the Feldman-Cousins
method [27]. The systematic uncertainty takes
into account the limited knowledge of the angu-
lar acceptance, uncertainties in the signal and
background invariant mass models, the angu-
lar model for the background, and the impact
of a possible S-wave amplitude. E↵ects due
to B0/B0 production asymmetry have been
considered and found negligibly small. The
comparison between the measurements and the
theoretical predictions from Ref. [11] are shown
in Fig. 1 for the observables P 0

4 and P 0
5. The

observables P 0
6 and P 0

8 (as well as S7 and S8)
are suppressed by the small size of the strong
phase di↵erence between the decay amplitudes,
and therefore are expected to be close to zero

4

• Might seem an abstract 
variable but it is theoretically 
better understood than AFB, 
as it is less sensitive to form 
factors.


• 3.7 σ discrepancy in the 
region 4.3 < q2 < 8.68 GeV2


• 0.5% probability (2.8σ) to 
observe such a deviation 
given 24 independent 
measurements (several other 

variables probed, each in several bins of q2).
!!!

Possible explanations include models with flavour changing Z’. Or that non-
factorisable QCD effects are more important than thought. (See JHEP 1305 (2013) 043)

LHCb: Phys.Rev.Lett. 111 (2013) 191801

Theory: JHEP 05 (2013) 137
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Lepton (non?) Universality with B+→K+μ+μ–, K+e+e–.
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is assessed by incorporating a resolution e↵ect that takes into account the di↵erence between
the mass shape in simulated events for B+! J/ (! e+e�)K+ and B+! K+e+e� decays and
contributes a relative systematic uncertainty of 3% to the value of R

K

.
The e�ciency to select B+! K+µ+µ�, B+! K+e+e�, B+! J/ (! µ+µ�)K+ and B+!

J/ (! e+e�)K+ decays is the product of the e�ciency to reconstruct the final state particles.
This includes the geometric acceptance of the detector, the trigger and the selection e�ciencies.
Each of these e�ciencies is determined from simulation and is corrected for known di↵erences
relative to data. The use of the double ratio of decay modes ensures that most of the possible
sources of systematic uncertainty cancel when determining R

K

. Residual e↵ects from the trigger
and the particle identification that do not cancel in the ratio arise due to di↵erent final-state
particle kinematic distributions in the resonant and non resonant dilepton mass region.

The dependence of the particle identification on the kinematic distributions contributes a
systematic uncertainty of 0.2% to the value of R

K

. The e�ciency associated with the hardware
trigger on B+! J/ (! e+e�)K+ and B+! K+e+e� decays depends strongly on the kinematic
properties of the final state particles and does not entirely cancel in the calculation of R

K

, due
to di↵erent electron and muon trigger thresholds. The e�ciency associated with the hardware
trigger is determined using simulation and is cross-checked using B+ ! J/ (! e+e�)K+ and
B+! J/ (! µ+µ�)K+ candidates in the data, by comparing candidates triggered by the kaon
or leptons in the hardware trigger to candidates triggered by other particles in the event. The
largest di↵erence between data and simulation in the ratio of trigger e�ciencies between the
B+! K+`+`� and B+! J/ (! `+`�)K+ decays is at the level of 3%, which is assigned as a
systematic uncertainty on R

K

. The veto to remove misidentification of kaons as electrons contains
a similar dependence on the chosen binning scheme and a systematic uncertainty of 0.6% on R

K

is
assigned to account for this.

Overall, the e�ciency to reconstruct, select and identify an electron is around 50% lower than
the e�ciency for a muon. The total e�ciency in the range 1 < q2 < 6GeV2/c4 is also lower for
B+! K+`+`� decays than the e�ciency for the B+! J/ (! `+`�)K+ decays, due to the softer
lepton momenta in this q2 range.

The ratio of e�ciency-corrected yields of B+! K+e+e� to B+! J/ (! e+e�)K+ is deter-
mined separately for each type of hardware trigger and then combined with the ratio of e�ciency-
corrected yields for the muon decays. R

K

is measured to have a value of 0.72+0.09

�0.08

(stat)±0.04 (syst),
1.84+1.15

�0.82

(stat)± 0.04 (syst) and 0.61+0.17

�0.07

(stat)± 0.04 (syst) for dielectron events triggered by elec-
trons, the kaon or other particles in the event, respectively. Sources of systematic uncertainty are
assumed to be uncorrelated and are added in quadrature. Combining these three independent
measurements of R

K

and taking into account correlated uncertainties from the muon yields and
e�ciencies, gives

R
K

= 0.745+0.090

�0.074

(stat) ± 0.036 (syst).

The dominant sources of systematic uncertainty are due to the parameterization of the B+ !
J/ (! e+e�)K+ mass distribution and the estimate of the trigger e�ciencies that both contribute
3% to the value of R

K

.
The branching fraction of B+! K+e+e� is determined in the region from 1 < q2 < 6GeV2/c4

by taking the ratio of the branching fraction from B+ ! K+e+e� and B+ ! J/ (! e+e�)K+

decays and multiplying it by the measured value of B(B+! J/ K+) and J/ ! e+e� [11]. The

7

Phys.Rev.Lett. 113 (2014) 151601

In SM: RK = 1.000(1)
At LHCb: 2.6σ
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Figure 1: Dilepton invariant mass squared, q2, as a function of the K+`+`� invariant mass, m(K+`+`�),
for selected (a) B+! K+µ+µ� and (b) B+! K+e+e� candidates. The radiative tail of the J/ and
 (2S) mesons is most pronounced in the electron mode due to the larger bremsstrahlung and because the
energy resolution of the ECAL is lower compared to the momentum resolution of the tracking system.

are shown in Fig. 1. It is possible to see the pronounced peaks of the J/ and  (2S) decays along
with their radiative tail as a diagonal band. Partially reconstructed decays can be seen to lower
K+`+`� masses and the distribution of random combinatorial background at high K+`+`� masses.
Only candidates with 5175 < m(K+µ+µ�) < 5700MeV/c2 or 4880 < m(K+e+e�) < 5700MeV/c2

are considered. The dilepton mass squared is also restricted to 1 < q2 < 6GeV2/c4, 8.68 < q2 <
10.09GeV2/c4 and 6 < q2 < 10.09GeV2/c4 when selecting B+! K+`+`�, B+! J/ (! µ+µ�)K+

and B+! J/ (! e+e�)K+ candidates, respectively.
The event yields for the B+! K+`+`� and the B+! J/ (! `+`�)K+ modes are determined

using unbinned extended maximum likelihood fits to the K+`+`� mass distributions. The model
is composed of a signal shape, a combinatorial background shape and, for the electron modes, a
contribution from partially reconstructed b-hadron decays.

The signal mass model for the muon modes consists of the sum of two Crystal Ball functions [17]
with tails above and below the mass peak. This empirical function describes the core of the mass
distribution and additional e↵ects from the experimental resolution and the radiative tail. The
mean, width and radiative tail parameters for the signal model are obtained from a fit to the
B+ ! J/ (! µ+µ�)K+ sample and propagated to the fit for the B+ ! K+µ+µ� decays. The
validity of this approach is verified using simulation. The combinatorial background is described
by an exponential function. There are 667 046 ± 882 B+ ! J/ (! µ+µ�)K+ and 1226 ± 41
B+! K+µ+µ� signal decays, where the uncertainties are statistical.

The mass distribution of the electron modes depends strongly on the number of bremsstrahlung
photons that are associated with the electrons, and therefore a more involved parametrization is
required. The mass distribution also depends on the p

T

of the electrons and on the occupancy of
the event. This shape dependence is studied using a selection of B+! J/ (! e+e�)K+ events in
the data. The data are split into three independent samples according to which particle in the
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for selected (a) B+! K+µ+µ� and (b) B+! K+e+e� candidates. The radiative tail of the J/ and
 (2S) mesons is most pronounced in the electron mode due to the larger bremsstrahlung and because the
energy resolution of the ECAL is lower compared to the momentum resolution of the tracking system.

are shown in Fig. 1. It is possible to see the pronounced peaks of the J/ and  (2S) decays along
with their radiative tail as a diagonal band. Partially reconstructed decays can be seen to lower
K+`+`� masses and the distribution of random combinatorial background at high K+`+`� masses.
Only candidates with 5175 < m(K+µ+µ�) < 5700MeV/c2 or 4880 < m(K+e+e�) < 5700MeV/c2

are considered. The dilepton mass squared is also restricted to 1 < q2 < 6GeV2/c4, 8.68 < q2 <
10.09GeV2/c4 and 6 < q2 < 10.09GeV2/c4 when selecting B+! K+`+`�, B+! J/ (! µ+µ�)K+

and B+! J/ (! e+e�)K+ candidates, respectively.
The event yields for the B+! K+`+`� and the B+! J/ (! `+`�)K+ modes are determined

using unbinned extended maximum likelihood fits to the K+`+`� mass distributions. The model
is composed of a signal shape, a combinatorial background shape and, for the electron modes, a
contribution from partially reconstructed b-hadron decays.

The signal mass model for the muon modes consists of the sum of two Crystal Ball functions [17]
with tails above and below the mass peak. This empirical function describes the core of the mass
distribution and additional e↵ects from the experimental resolution and the radiative tail. The
mean, width and radiative tail parameters for the signal model are obtained from a fit to the
B+ ! J/ (! µ+µ�)K+ sample and propagated to the fit for the B+ ! K+µ+µ� decays. The
validity of this approach is verified using simulation. The combinatorial background is described
by an exponential function. There are 667 046 ± 882 B+ ! J/ (! µ+µ�)K+ and 1226 ± 41
B+! K+µ+µ� signal decays, where the uncertainties are statistical.

The mass distribution of the electron modes depends strongly on the number of bremsstrahlung
photons that are associated with the electrons, and therefore a more involved parametrization is
required. The mass distribution also depends on the p

T

of the electrons and on the occupancy of
the event. This shape dependence is studied using a selection of B+! J/ (! e+e�)K+ events in
the data. The data are split into three independent samples according to which particle in the

4

RK ≡ Γ(B+→K+µ+µ–) ⁄ Γ(K+e+e–) for q2 ∈ [1GeV, 6 GeV]
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μ+μ– mass distribution in B+→K+μ+μ–
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Phys.Rev.Lett. 111 (2013) 112003 (2013)

ψ(4160)

A bit of a surprise. 
!
Two 1st observations:  
of B+ → K+ ψ(4160),  
and of ψ(4160)→μ+μ–) 
!
BR higher than expected. 
Constructive interference 
between resonance and 
non-resonant component.
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And there’s much more!

• New resonances and quantum numbers 
of recently discovered ones, e.g. X(3872), 
Z(4430), several DJ*.


• Precision measurements of masses, 
lifetimes, branching fractions.


• Production measurements in p-p and p-A 
collisions


• …and many, many more.
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Figure 2: Di↵erential production cross-sections for W� and W+ bosons as a function of the
lepton pseudorapidity ⌘. The LHCb results are extrapolated to the fiducial volume of the ATLAS
measurement (MT > 40 GeV/c2, p⌫T > 25 GeV/c) which is shown in green. This plot is purely
for illustrative purpose, the published LHCb results [1] should be used for all comparisons with
theoretical predictions.

leta
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

Le
pt

on
 c

ha
rg

e 
as

ym
m

et
ry

-0.6

-0.4

-0.2

0

0.2

0.4

 extrapolatedνµ →LHCb 2010, W

ν e→, Wνµ →ATLAS 2010, W

 > 20 GeV/cl
T

p

Figure 3: Lepton charge asymmetry as a function of the pseudorapidity of the lepton. The
extrapolated LHCb result is shown in comparison to the result of ATLAS (top) for MT >
40 GeV/c2. This plot is purely for illustrative purpose, the published LHCb results [1] should be
used for all comparisons with theoretical predictions.

6

Phys.Rev.Lett. 111 (2013) 112003 (2013)

Phys.Rev.Lett. 110 (2013) 222001



Jonas Rademacker (Bristol)          Beyond the Energy Frontier with Precision Flavour Physics at LHCb            Colloquium, Brookhaven, 28 Oct 2014

The flavour puzzle
• The measurements shown are 

highly sensitive to New Physics


• If there really are all these new 
particles at O(TeV), the Standard 
model description should fail.


• Why is the flavour structure not 
much richer and more complex 
than predicted by the SM?

56

So far, all we got is this:New Physics promises 
this:

• New symmetries that enforce an 
“alignment” of SM and NP 
phases (MFV)? Unnaturally tiny 
couplings between NP and SM? 
Or no new particles at O(TeV)?
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• Don’t give up once you’ve excluded New Physics at the few% level.


• A successful past is no impediment to a successful future.


• Discrete symmetries are usually broken (C, P, CP,... MFV?)

Historical Note

57

[11] and in the book [12] based on these lectures (1963) the importance of
experimental tests of CP was stressed, in particular search for KL → 2π.

4 Search and discovery of K0
L

→ π+π−

A special search at Dubna was carried out by E. Okonov and his group.
They have not found a single K0

L → π+π− event among 600 decays of K0
L

into charged particles [13] (Anikina et al., JETP, 1962). At that stage the
search was terminated by administration of the Lab. The group was unlucky.

Approximately at the level 1/350 the effect was discovered by J.Christensen,
J.Cronin, V.Fitch and R.Turlay [14] at Brookhaven in 1964 in an experiment
the main goal of which was KL → KS regeneration in matter.

Thus absolute CP-invariance was falsified.

5 “Mirror world”

Still the appeal of Landau’s idea of absolutely symmetric vacuum was so
strong that in 1965 Igor Kobzarev, Isaak Pomeranchuk and myself suggested
the hypothesis of a “mirror world” [15]. We assumed CPA invariance, where
A [from “Alice through the Looking Glass”] transforms our part of the La-
grangian into its mirror part.

Each of our particles has its mirror counterpart. The mirror particles
have between them the same electromagnetic, weak and strong interactions
as ours. In principle there might exist mirror nuclei, atoms, molecules, stars,
planets, galaxies, even mirror life. Whether they actually exist depends on
cosmological evolution.

The possibility of the existence of both “left protons”, pL, and “right
protons”, pR, had been discussed by T.D. Lee and C.N. Yang in two last
paragraphs of their famous article [2]. But they believed that pL and pR can
interact with the same pion and the same photon. We have proved that this
is impossible.

According to our original assumption, the only particles which belong
to both our and mirror worlds are gravitons. If there were two gravitons,
nothing would connect the two worlds and the idea of a mirror world would
have no physical consequences.

Why the graviton but not, say, a photon? As soon as you assume that the

3

[...]

• A historical note (from L. B. Okun: “Spacetime and vacuum as seen from 
Moscow”, Int.J.Mod.Phys. A17S1 (2002) 105-118):



Jonas Rademacker (Bristol)          Beyond the Energy Frontier with Precision Flavour Physics at LHCb            Colloquium, Brookhaven, 28 Oct 2014

How Precise is Precise enough?

• Increasing precision pays off as long as it significantly increases our 
understanding of physics. 


• There are two scenarios when we might argue that we have reached 
sufficient experimental precision:

58

• We have seen New Physics, fully understand the theory 
underlying it, and have measured all its fundamental parameters.

• When precision is limited by the precision of theory calculations. 
Improving fast through faster computers and cleverer algorithms.

• We need to identify theoretically clean measurements with high 
sensitivity and discriminating power for New Physics models.
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A selected list NP-sensitive flavour variables

59

Table 16: Statistical sensitivities of the LHCb upgrade to key observables. For each observable the current sensitivity is compared to
that which will be achieved by LHCb before the upgrade, and that which will be achieved with 50 fb�1 by the upgraded experiment.
Systematic uncertainties are expected to be non-negligible for the most precisely measured quantities. Note that the current
sensitivities do not include new results presented at ICHEP 2012 or CKM2012.

Type Observable Current LHCb Upgrade Theory
precision 2018 (50 fb�1) uncertainty

B0
s mixing 2�s (B0

s ! J/ �) 0.10 [138] 0.025 0.008 ⇠ 0.003
2�s (B0

s ! J/ f0(980)) 0.17 [214] 0.045 0.014 ⇠ 0.01
as
sl 6.4 ⇥ 10�3 [43] 0.6 ⇥ 10�3 0.2 ⇥ 10�3 0.03 ⇥ 10�3

Gluonic 2�e↵
s (B0

s ! ��) – 0.17 0.03 0.02
penguins 2�e↵

s (B0
s ! K⇤0K̄⇤0) – 0.13 0.02 < 0.02

2�e↵(B0 ! �K0
S) 0.17 [43] 0.30 0.05 0.02

Right-handed 2�e↵
s (B0

s ! ��) – 0.09 0.02 < 0.01
currents ⌧ e↵(B0

s ! ��)/⌧B0
s

– 5% 1% 0.2%
Electroweak S3(B0 ! K⇤0µ+µ�; 1 < q2 < 6GeV2/c4) 0.08 [67] 0.025 0.008 0.02
penguins s0 AFB(B0 ! K⇤0µ+µ�) 25% [67] 6% 2% 7%

AI(Kµ+µ�; 1 < q2 < 6GeV2/c4) 0.25 [76] 0.08 0.025 ⇠ 0.02
B(B+ ! ⇡+µ+µ�)/B(B+ ! K+µ+µ�) 25% [85] 8% 2.5% ⇠ 10%

Higgs B(B0
s ! µ+µ�) 1.5 ⇥ 10�9 [13] 0.5 ⇥ 10�9 0.15 ⇥ 10�9 0.3 ⇥ 10�9

penguins B(B0 ! µ+µ�)/B(B0
s ! µ+µ�) – ⇠ 100% ⇠ 35% ⇠ 5%

Unitarity � (B ! D(⇤)K(⇤)) ⇠ 10–12� [244,258] 4� 0.9� negligible
triangle � (B0

s ! DsK) – 11� 2.0� negligible
angles � (B0 ! J/ K0

S ) 0.8� [43] 0.6� 0.2� negligible
Charm A� 2.3 ⇥ 10�3 [43] 0.40 ⇥ 10�3 0.07 ⇥ 10�3 –

CP violation �ACP 2.1 ⇥ 10�3 [18] 0.65 ⇥ 10�3 0.12 ⇥ 10�3 –

122

Eur.Phys.J. C73 (2013) 2373

• Plenty of theoretically clean channels with high 
sensitivity and discriminating power for New Physics 
models


• Theoretical uncertainties in many cases far better than 
current experimental sensitivity (and improving).


• Lots of room for New Physics to hide - and opportunity 
to find it!


• Need (even) better experimental precision to fully exploit 
flavour physics’ sensitivity to physics beyond the SM.
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The LHCb upgrade

60

Lomonosov 2013 – CPV & Rare Decays @ LHCb (39/40) O. Steinkamp27.08.2013

LHCb Upgrade

● 2013: technology choices, preparation of sub-system TDRs

● 2014: funding, procurements

● 2015-2019: construction and installation

VELO: 
replace 

completely - 
and upgrade 
from Si strips 

to pixels

RICHes: New 
photodectors, new 

R/O, optimised 
RICH 1 geometry

Scintillating 
Fibre 

Tracker

Replace all electronics

• Higher luminosity ⟹ higher 
precision ⟹ better NP reach.


• Trigger is at the heart of the 
upgrade. Current trigger would 
“choke”, the signal yields would 
not increase in line with luminosity.


• For upgrade, read out the entire 
detector at bunch-crossing rate of 
40MHz, fully customisable s/w 
trigger, with full event information.


• Doubles the trigger efficiency for 
hadronic modes. Most flexible/
customisable trigger at the LHC.

Γ(
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LHCb event yields in the future (rough estimates)
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12 13 14 15 16 17 18 19 20 21 22 23 24 25

(LS1) 3/fb ! (LS2) 8/fb ! (LS3) 23/fb ! (LS4) 46/fb ! (LS5) 70/fb

10fb–1

50fb–1

100fb–1

upgrade

14 TeV running

Z
L · �bb

�bb(8TeV )
·

✏hadtrig

✏hadtrig(2012)
dt

Z
L dt

you are here

Z
L · �bb

�bb(8TeV )
dt
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Conclusions

62

The presence of a K+⇡� system in an S-
wave configuration, due to a non-resonant con-
tribution or to feed-down from K+⇡� scalar
resonances, results in additional terms in the
di↵erential angular distribution. Denoting the
right-hand side of Eq. 1 by WP, the di↵erential
decay rate takes the form

(1� FS)WP +
9

32⇡
(WS +WSP) , (7)

where

WS =
2

3
FS sin

2 ✓
`

(8)

and WSP is given by

4

3
AS sin

2 ✓
`

cos ✓
K

+ A(4)
S sin ✓

K

sin 2✓
`

cos�+

A(5)
S sin ✓

K

sin ✓
`

cos�+ A(7)
S sin ✓

K

sin ✓
`

sin�

+A(8)
S sin ✓

K

sin 2✓
`

sin� .
(9)

The factor FS is the fraction of the S-wave
component in the K⇤0 mass window, and WSP

contains all the interference terms, A(i)
S , of the

S-wave with the K⇤0 transversity amplitudes
as defined in Ref. [26]. In Ref. [7], FS was mea-
sured to be less than 0.07 at 68% confidence
level. The maximum value that the quanti-
ties A(i)

S can assume is a function of FS and
FL [11]. The S-wave contribution is neglected
in the fit to data, but its e↵ect is evaluated
and assigned as a systematic uncertainty us-
ing pseudo-experiments. A large number of
pseudo-experiments with FS = 0.07 and with
the interference terms set to their maximum
allowed values are generated. All other param-
eters, including the angular observables, are set
to their measured values in data. The pseudo-
experiments are fitted ignoring S-wave and in-
terference contributions. The corresponding
bias in the measurement of the angular observ-
ables is assigned as a systematic uncertainty.
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Figure 1: Measured values of P 0
4 and P 0

5 (black
points) compared with SM predictions from
Ref. [11] (blue bands).

The results of the angular fits to the data are
presented in Table 1. The statistical uncertain-
ties are determined using the Feldman-Cousins
method [27]. The systematic uncertainty takes
into account the limited knowledge of the angu-
lar acceptance, uncertainties in the signal and
background invariant mass models, the angu-
lar model for the background, and the impact
of a possible S-wave amplitude. E↵ects due
to B0/B0 production asymmetry have been
considered and found negligibly small. The
comparison between the measurements and the
theoretical predictions from Ref. [11] are shown
in Fig. 1 for the observables P 0

4 and P 0
5. The

observables P 0
6 and P 0

8 (as well as S7 and S8)
are suppressed by the small size of the strong
phase di↵erence between the decay amplitudes,
and therefore are expected to be close to zero

4

!!!

• Flavour physics is sensitive to physics at very high mass 
scales.


• The LHC is the world’s most copious source of heavy 
flavour. LHCb, designed to exploit this, has huge, clean 
signals in a cornucopia of final states - unprecedented 
precision. ATLAS, CMS contribute in di-muon channels.


• So far we have used that sensitivity to rule out many NP 
models. But we know there must be NP…. and there are 
intriguing hints.


• This is just the beginning.
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BBC, http://www.youtube.com/watch?v=9dfWzp7rYR4
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Backup
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CPV in charm. Looking for tiny signals.

• CPV is an interference effect - need ≥2 
amplitudes, ideally of comparable magnitude - 
effects most likely in SCS decays.


• Looking for tiny effects (in SM up to few×10–3). 
Careful with systematics!  

• Typical analysis measures ΔACP in decays to 
similar final states: 

Production and detection asymmetries cancel 
to first order.
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A SCS decay
Could be a CF decay with ACP ≈ 0 or another SCF decay 
as in f1=KK and f2=ππ where ACP(D→KK)≈ –ACP(D→ππ)

Araw = A
CP

+A
prod

+A
det
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Direct CPV in D→KK, D→ππ

• Tag initial state as Dº or Dº using 
either 
 
 
or: 

• Measure 

66
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+⇡�) ⌘ �(D0 ! ⇡+⇡�)� �(D

0 ! ⇡+⇡�)

�(D0 ! ⇡+⇡�) + �(D
0 ! ⇡+⇡�)

ACP (K
+K�) ⌘ �(D0 ! K+K�)� �(D

0 ! K+K�)

�(D0 ! K+K�) + �(D
0 ! K+K�)

D⇤� ! D
0
⇡�
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s

b ! D0`� + . . .

b ! D
0
`+ + . . .

�ACP = ACP (K
+K�)�ACP (⇡

+⇡�)

• LHCb results:


!

• World average:

(�0.80± 0.23)% when using the old reconstruction software and (�0.78± 0.23)% when
using the new reconstruction software (all uncertainties in this section are statistical only).

There is also a set of events in the first 600 pb�1 that are selected by the new recon-
struction software but not the old. The additional signal yields are 0.21⇥ 106 for K�

K

+

and 0.11⇥ 106 for ⇡�
⇡

+, corresponding to approximately 17% and 34%, respectively, of
the signal yields in the first 600 pb�1. Note that the fraction added for ⇡�

⇡

+ is larger than
for K�

K

+, as a result of changes in the RICH calibration. The value of �A

CP

measured
with the first 600 pb�1 including these additional events is found to be (�0.55± 0.21)%.
To test whether this change is compatible with a statistical fluctuation, we evaluate �A

CP

separately in the disjoint sets of events which were (a) selected with the old software but
not the new, (b) selected with both the old and new software, or (c) selected with the new
software but not the old. The values are consistent.

In addition, the last 400 pb�1 recorded by LHCb in 2011 is included in the analysis
for the first time. In this subsample alone, �A

CP

= (�0.28± 0.26)%. When fitting the
combined 1.0 fb�1 sample, the value �A

CP

= (�0.45± 0.16)% is obtained.
The change in the analysis procedure from the formerly used kinematic binning to

reweighting has essentially no e↵ect on the result: �A

CP

becomes (�0.45 ± 0.17)%.
However, the requirement that the tagging soft pion and the D

0 originate from a primary
vertex [24] improves the �m resolution for well-reconstructed signal candidates by a factor
of about 2.5, giving better background rejection and reducing the statistical uncertainty.
With this change, the value of �A

CP

becomes (�0.34± 0.15)%. The expected variation
between the results of analyses with and without this constraint has been evaluated using
simulated pseudoexperiments, and found to be 0.05% from the change in resolution alone.
We also note that the e↵ect of the constraint that the soft pion points to the primary vertex
may be correlated with the e↵ect of excluding events in which the soft pion has a large
impact parameter with respect to the primary vertex, for which a systematic uncertainty
of 0.08% is assigned. Hence this change, as all others, is consistent within uncertainties.

7 Combination with LHCb result from semileptonic

B decays

A separate measurement of �A

CP

has been performed at LHCb in which the D

0 mesons
are produced in semileptonic B ! D

0
µ

�
⌫̄

µ

X decays (where B denotes a hadron containing
a b quark) and the charge of the muon is used to tag the flavour of the D

0 meson. This
analysis is described in Ref. [11]. The statistical correlation between the two data samples
is negligible, and due to the di↵erent production environment and tagging technique
the systematic uncertainties are also essentially uncorrelated. The results of the two
measurements are shown below along with their combination under the assumption that
indirect CP violation is negligible:

D

⇤+ tag (this analysis): �A

CP

= (�0.34± 0.15 (stat.)± 0.10 (syst.))%
Semileptonic analysis: �A

CP

= (+0.49± 0.30 (stat.)± 0.14 (syst.))%
Combination: �A

CP

= (�0.15± 0.16)%

10

�Adir
CP = (�0.329± 0.121)%

_
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Searches for CPV by comparing binned Dalitz plots

• Compare yields in  
CP-conjugate bins 
 

!

• Calculate p-value for 
no-CPV hypothesis 
based on 

• Model independent. 
Many production and 
detection effects cancel.

changing sign from left to right. This sign change means
the CPV causes only a 0.1% difference in the total decay
rate between Dþ and D". This illustrates the strength of
our method, as the asymmetry would be much more diffi-
cult to detect in a measurement that was integrated over the
Dalitz plot. Even with no systematic uncertainties, to see a
0.1% asymmetry at the 3! level would require 2:25# 106

events. With the method and much smaller data set used
here we would observe this signal at the 3! level with 76%
probability, as shown in Table IV below.

The sensitivity to a particular manifestation of CPV
depends on the choice of binning. The fact that the
CP-violating region in most of the pseudo-experiments
covers a broad area of the Dalitz plot suggests that the
optimal number of bins for this type of asymmetry is low.
Each bin adds a degree of freedom without changing the "2

value for consistency with no CPV. However, if CP asym-
metries change sign within a bin, they will not be seen.
Similarly, the sensitivity is reduced if only a small part
of a large bin has any CPV in it. To avoid effects due
to excessive fluctuations, bins that contain fewer than
50 candidates are not used anywhere in the analysis.
Such bins are very rare.

The binnings are chosen to reflect the highly nonuniform
structure of the Dalitz plot. A simple adaptive binning
algorithm was devised to define binnings of approximately
equal population without separating Dþ and D". Two bin-
nings that are found to have good sensitivity to the simu-
lated asymmetries contain 25 bins (‘‘Adaptive I’’) arranged
as shown in Fig. 4(a), and 106 bins (‘‘Adaptive II’’) arranged
as shown in Fig. 4(b). For Adaptive I, a simulation of the
relative value of the strong phase across the Dalitz plot in
the CLEO-c amplitude model is used to refine the results
of the algorithm: if the strong phase varies significantly
across a bin, CP asymmetries are more likely to change
sign. Therefore the bin boundaries are adjusted to minimize
changes in the strong phase within bins. The model-
dependence of this simulation could, in principle, influence
the binning and therefore the sensitivity to CPV, but it
cannot introduce model-dependence into the final results
as no artificial signal could result purely from the choice of
binning. Two further binning schemes, ‘‘Uniform I’’ and
‘‘Uniform II,’’ are defined. These use regular arrays of
rectangular bins of equal size.
The adaptive binnings are used to determine the sensi-

tivity to several manifestations of CPV. With 200 test
experiments of approximately the same size as the signal
sample in data, including no asymmetries, no CP-violating
signals are observed at the 3! level with Adaptive I or
Adaptive II. The expectation is 0.3.
With the chosen binnings, a number of sets of 100

pseudo-experiments with different CP-violating asymme-
tries are produced. The probability of observing a given
signal in either the #ð1020Þ or $ð800Þ resonances with 3!
significance is calculated in samples of the same size as the
data set. The results are given in Table IV. The CPV shows
up both in the "2=ndf and in the width of the fitted SCP

distribution.
For comparison, the asymmetries in the # phase and

$ magnitude measured by the CLEO Collaboration
using the same amplitude model were ð6& 6þ0þ6

"2"2Þ' and
ð"12& 12þ6þ2

"1"10Þ%, [15] where the uncertainties are sta-
tistical, systematic and model-dependent, respectively.

TABLE IV. Results from sets of 100 pseudo-experiments with
different CP asymmetries and Adaptive I and II binnings. pð3!Þ
is the probability of a 3! observation of CPV. hSi is the mean
significance with which CPV is observed.

CPV Adaptive I Adaptive II
pð3!Þ hSi pð3!Þ hSi

No CPV 0 0:84! 1% 0:84!
6' in #ð1020Þ phase 99% 7:0! 98% 5:2!
5' in #ð1020Þ phase 97% 5:5! 79% 3:8!
4' in #ð1020Þ phase 76% 3:8! 41% 2:7!
3' in #ð1020Þ phase 38% 2:8! 12% 1:9!
2' in #ð1020Þ phase 5% 1:6! 2% 1:2!
6.3% in $ð800Þ magnitude 16% 1:9! 24% 2:2!
11% in $ð800Þ magnitude 83% 4:2! 95% 5:6!
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FIG. 4 (color online). Layout of the (a) ‘‘Adaptive I’’ and (b) ‘‘Adaptive II’’ binnings on the Dalitz plot of data.
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1 Introduction

In the Standard Model (SM), CP violation in processes involving charm hadrons is small.
However, physics beyond the SM can significantly enhance the rate of CP violation [1]
making the charm sector a promising area to search for increased CP violation.

The LHCb collaboration has recently found first evidence for CP violation (CPV) in
the charm sector in D0 ! ⇡+⇡�, D0 ! K+K� decays [2], at the level of 0.8%. Several
potential explanations for such a level of CP violation in charm have been put forward,
including physics beyond the SM as well as SM sources of CP violation [3,4]. This note
describes a complementary search for CPV in D0 ! ⇡�⇡+⇡+⇡� decays. D0 ! ⇡�⇡+⇡+⇡�

occurs through a variety of intermediate resonances (predominantly D0 ! ⇢0⇢0 and D0

! a
1

(1260)+⇡�) resulting in a rich structure of interfering amplitudes. These can be
studied in a four-body generalisation of the Dalitz plot, which now has five instead of two
dimensions.

In this study, we perform a model-independent search for CP violating variations in the
shape of this five-dimensional phase space distribution, in a similar manner as suggested
for Dalitz plots in [5]. Our study is therefore sensitive to local CP violation e↵ects across
phase space. On the other hand, we do not compare the total decay rates, making us
insensitive to global CP asymmetries, but also to global production and detection e↵ects.

Our study uses the decay D⇤+ ! D0(⇡�⇡+⇡+⇡�)⇡+

s , where the charge of the slow
pion (⇡+

s ) tags the flavour of the D0.
The five-dimensional phase space for the D0 ! ⇡�⇡+⇡+⇡� decay is divided into bins,

and the D0 and D0 decay rates to CP -conjugate bins are compared. The following CP
asymmetry variable is defined [5–7] for each pair of CP -conjugate bins:

Si
CP =

N i(D0)� ↵N i(D0)q
N i(D0) + ↵2N i(D0)

, ↵ =

P
i N

i(D0)
P

i N
i(D0)

, (1)

where N i(D0) is the number of D0 candidates in the ith bin and N i(D0) is the number of
candidates in the CP -conjugate bin, and ↵ is a normalisation constant. This normalisation
makes the method insensitive to global asymmetries.

In the absence of CPV, the Si
CP values for all bins in phase space result in a Gaussian

distribution, with mean 0 and width 1. Any significant deviation from this distribution is
evidence for local asymmetries.

The degree of asymmetry is quantified by calculating the �2 and its probability value
under the hypothesis of no CPV,

�2 =
X

i

(Si
CP )

2, (2)

N
dof

= N
bins

� 1. (3)

The number of degrees of freedom is equal to the number of bins subtracting one for
the normalisation constraint.

1

respectively. The samples are separated according to
the magnet polarity and the same studies are repeated. In
all cases the p-values are consistent with no CPV, with
values ranging from 4% to 99%. We conclude that there is
no evidence for CPV in our data sample of Dþ !
K"Kþ!þ.

VI. CONCLUSION

Because of the rich structure of their Dalitz plots, three-
body charm decays are sensitive to CP violating phases
within and beyond the standard model. Here, a model-
independent search for direct CP violation is performed
in the Cabibbo-suppressed decay Dþ ! K"Kþ!þ with
35 pb"1 of data collected by the LHCb experiment, and no
evidence for CPV is found. Several binnings are used to
compare normalized Dþ and D" Dalitz plot distributions.
This technique is validated with large numbers of simu-
lated pseudo-experiments and with Cabibbo favored con-
trol channels from the data: no false positive signals are
seen. To our knowledge this is the first time a search for
CPV is performed using adaptive bins which reflect the
structure of the Dalitz plot.

Monte Carlo simulations illustrate that large localized
asymmetries can occur without causing detectable

differences in integrated decay rates. The technique used
here is shown to be sensitive to such asymmetries.
Assuming the decay model, efficiency parameterization
and background model described in Sec. III we would be
90% confident of seeing a CP violating difference of either
5# in the phase of the "!þ or 11% in the magnitude of the
#ð800ÞKþ with 3$ significance. Since we find no evidence
of CPV, effects of this size are unlikely to exist.
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FIG. 8. Distribution of Si
CP fitted to Gaussian functions, for (a) ‘‘Adaptive I,’’ (b) ‘‘Adaptive II,’’ (c) ‘‘Uniform I’’ and (d) ‘‘Uniform

II.’’ The fit results are given in Table IX.
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p=11%

330k D+→K–K+π+ in 35/pb

330k D*+→Dºπ, Dº→ππππ in 1/fb

5-dim. 
“Dalitz” plot, 

binned.

For sample 2, the yield cannot be taken directly from
the fit, because there is a mass cut in the HLT2 line that
accepts the majority of the signal, selecting events in a
!25 MeV=c2 window around the nominal value.
However, another HLT2 line with a looser mass cut that
is otherwise identical to the main HLT2 line exists,
although only one event in 100 is retained. In this line
the purity is found to be the same in sample 2 as in sample
3. The yield in sample 2 is then inferred as the total (Sþ B)
in all allowed triggers in the mass window times the purity
in sample 3. Thus the overall yield of signal Dþ !
K#Kþ!þ candidates in the three samples within the
mass window is approximately 370 000. The total number
of candidates (Sþ B) in each decay mode used in the
analysis are given in Table II. The Dalitz plot of data in
the Dþ window is shown in Fig. 2.

Within the 2" Dþ ! K#Kþ!þ mass window, about
8.6% of events are background. Apart from random
three-body track combinations, charm backgrounds and
two-body resonances plus one track are expected. Charm
reflections appear when a particle is wrongly identified
in a true charm three-body decay and/or a track in a four-
body charm decay is lost. The main three-body reflection
in the K#Kþ!þ spectrum is the Cabibbo-favored Dþ !
K#!þ!þ, where the incorrect assignment of the kaon
mass to the pion leads to a distribution that partially over-
laps with the Dþ

s ! K#Kþ!þ signal region, but not with
Dþ ! K#Kþ!þ. The four-body, Cabibbo-favored mode
D0 ! K#!þ!#!þ where a !þ is lost and the !# is
misidentified as a K# will appear broadly distributed in
K#Kþ!þ mass, but its resonances could create structures
in the Dalitz plot. Similarly, !K$ð892Þ0 and # resonances
from the PVmisreconstructed with a random track forming
a three-body vertex will also appear.

TABLE I. Yield (S) and purity for samples 1 and 3 after the
final selection. The purity is estimated in the 2" mass window.

Decay Yield Purity

Sample 1þ 3 Sample 1 Sample 3
Dþ ! K#Kþ!þ ð3:284! 0:006Þ ' 105 88% 92%
Dþ

s ! K#Kþ!þ ð4:615! 0:012Þ ' 105 89% 92%
Dþ ! K#!þ!þ ð3:3777! 0:0037Þ ' 106 98% 98%
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FIG. 1 (color online). Fitted mass spectra of (a) K#!þ!þ and (b) K#Kþ!þ candidates from samples 1 and 3, Dþ and D#

combined. The signal mass windows and sidebands defined in the text are labeled.

TABLE II. Number of candidates (Sþ B) in the signal win-
dows shown in Fig. 1 after the final selection, for use in the
subsequent analysis.

Sample 1 Sample 2 Sample 3 Total

Dþ ! K#Kþ!þ 84 667 65 781 253 446 403 894
Dþ

s ! K#Kþ!þ 126 206 91 664 346 068 563 938
Dþ ! K#!þ!þ 858 356 687 197 2 294 315 3 839 868
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FIG. 2 (color online). Dalitz plot of the Dþ ! K#Kþ!þ

decay for selected candidates in the signal window. The vertical
!K$ð892Þ0 and horizontal #ð1020Þ contributions are clearly vis-
ible in the data.
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Figure 1: Distributions of (a,c,e) m(hhhh) and (b,d,f) �m for (a,b) D0! K�K+⇡�⇡+, (c,d)
D0! ⇡�⇡+⇡+⇡�, and (e,f) D0! K�⇡+⇡+⇡� candidates for magnet up polarity. Projections
of the two-dimensional fits are overlaid, showing the contributions for signal, combinatorial
background, and random soft pion background. The contributions from D0! K�⇡+⇡�⇡+⇡0

and D+
s

! K�K+⇡�⇡+⇡+ contamination are also shown for the D0! K�K+⇡�⇡+ sample.
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Figure 5: Distributions of (a,c,e) S
CP

and (b,d,f) local CP asymmetry per bin for (a,b)
D0! K�K+⇡�⇡+ decays partitioned with 32 bins, for (c,d) D0! ⇡�⇡+⇡+⇡� decays par-
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bins. The points show the data distribution and the solid line is a reference Gaussian distribution
corresponding to the no CPV hypothesis.

10

p=41%

also 57k D*+→Dºπ, Dº→KKππ in 1/fb (p=9%)

LHCb 1fb–1 arXiv:1308.3189 (2013)

Si
CP =

Ni � ↵N i
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distribution of the reconstructed decay angles of the final-state particles.
In contrast to Ref. [5], this analysis uses the decay angles defined in the helicity

basis as this simplifies the angular description of the background and acceptance. The
helicity angles are denoted by ⌦ = (cos ✓K , cos ✓µ,'h) and their definition is shown in
Fig. 3. The polar angle ✓K (✓µ) is the angle between the K

+ (µ+) momentum and the
direction opposite to the B
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s momentum in the K

+
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�) centre-of-mass system.
The azimuthal angle between the K
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� and µ
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� decay planes is 'h. This angle is
defined by a rotation from the K

� side of the K
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� plane to the µ

+ side of the µ
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plane. The rotation is positive in the µ

+
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� direction in the B

0
s rest frame. A definition

of the angles in terms of the particle momenta is given in Appendix A.
The decay can be decomposed into four time-dependent complex amplitudes, Ai(t).

Three of these arise in the P-wave decay and correspond to the relative orientation of the
linear polarisation vectors of the J/ and � mesons, where i 2 {0, k,?} and refers to the
longitudinal, transverse-parallel and transverse-perpendicular orientations, respectively.
The single K

+
K

� S-wave amplitude is denoted by AS(t).
The distribution of the decay time and angles for a B

0
s meson produced at time t = 0

is described by a sum of ten terms, corresponding to the four polarisation amplitudes
and their interference terms. Each of these is given by the product of a time-dependent
function and an angular function [13]
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s mass eigen-

states. The expressions for the fk(⌦) and the coe�cients of Eq. 2 are given in Ta-
ble 2 [17, 18]. The coe�cients Nk are expressed in terms of the Ai(t) at t = 0, from
now on denoted as Ai. The amplitudes are parameterised by |Ai|ei�i with the con-
ventions �0 = 0 and |A0|2 + |Ak|2 + |A?|2 = 1. The S-wave fraction is defined as
FS = |AS|2/(|A0|2 + |Ak|2 + |A?|2 + |AS|2) = |AS|2/(|AS|2 + 1).
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Table 2: Definition of angular and time-dependent functions.

k fk(✓µ, ✓K ,'h) Nk ak bk ck dk

1 2 cos2 ✓K sin2 ✓µ |A0|2 1 D C �S
2 sin2 ✓K

�
1� sin2 ✓µ cos2 'h

�
|Ak|2 1 D C �S

3 sin2 ✓K
�
1� sin2 ✓µ sin2 'h

�
|A?|2 1 �D C S

4 sin2 ✓K sin2 ✓µ sin 2'h |AkA?| C sin(�? � �k) S cos(�? � �k) sin(�? � �k) D cos(�? � �k)

5 1
2

p
2 sin 2✓K sin 2✓µ cos'h |A0Ak| cos(�k � �0) D cos(�k � �0) C cos(�k � �0) �S cos(�k � �0)

6 � 1
2

p
2 sin 2✓K sin 2✓µ sin'h |A0A?| C sin(�? � �0) S cos(�? � �0) sin(�? � �0) D cos(�? � �0)

7 2
3 sin2 ✓µ |AS|2 1 �D C S

8 1
3

p
6 sin ✓K sin 2✓µ cos'h |ASAk| C cos(�k � �S) S sin(�k � �S) cos(�k � �S) D sin(�k � �S)

9 � 1
3

p
6 sin ✓K sin 2✓µ sin'h |ASA?| sin(�? � �S) �D sin(�? � �S) C sin(�? � �S) S sin(�? � �S)

10 4
3

p
3 cos ✓K sin2 ✓µ |ASA0| C cos(�0 � �S) S sin(�0 � �S) cos(�0 � �S) D sin(�0 � �S)

For the coe�cients ak, . . . , dk, three CP violating observables are introduced

C ⌘ 1� |�|2

1 + |�|2 , S ⌘ 2=(�)
1 + |�|2 , D ⌘ � 2<(�)

1 + |�|2 , (3)

where the parameter � is defined below. These definitions for S and C correspond to
those adopted by HFAG [19] and the sign of D is chosen such that it is equivalent to the
symbol A��

f used in Ref. [19]. The CP -violating phase �s is defined by �s ⌘ � arg(�) and
hence S and D can be written as

S ⌘ �2|�| sin�s

1 + |�|2 , D ⌘ �2|�| cos�s

1 + |�|2 . (4)

The parameter � describes CP violation in the interference between mixing and decay,
and is derived from the CP -violating parameter [20] associated with each polarisation
state i

�i ⌘ q

p

Āi

Ai

, (5)

where Ai (Āi) is the amplitude for a B

0
s (B0

s) meson to decay to final state i and the
complex parameters p = hB0

s |BLi and q = hB0
s|BLi describe the relation between mass and

flavour eigenstates. The polarisation states i have CP eigenvalue ⌘i = +1 for i 2 {0, k}
and ⌘i = �1 for i 2 {?, S}. Assuming that any possible CP violation in the decay is the
same for all amplitudes, then the product ⌘iĀi/Ai is independent of i. The polarisation-
independent CP -violating parameter � is then defined such that �i = ⌘i�. The di↵erential
decay rate for a B

0
s meson produced at time t = 0 can be obtained by changing the sign

of ck and dk and by including a relative factor |p/q|2.
The expressions are invariant under the transformation

(�s,��s, �0, �k, �?, �S) 7�! (⇡ � �s,���s,��0,��k, ⇡ � �?,��S) , (6)

which gives rise to a two-fold ambiguity in the results.

4

(no such approximation 
is made in the fit)

C :

D ⇡ � cos�s

S ⇡ � sin�s

direct CPV and CPV in 
mixing (very small)

CPV-related parameters:
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ASL

• CP violation in mixing - tiny in the SM 
in both Bs and Bd


• There were some recent hints of non-
zero Asl at D0.


• Latest LHCb results: 
 
 
are (sadly) compatible with the SM.
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a

d

sl = (�4.1 ± 0.6) ⇥ 10�4 [3]. More recently D0 published measurements of
a

d

sl = (0.68±0.45±0.14)% [6], and a

s

sl = (�1.12±0.74±0.17)% [7], consistent
both with the anomalous asymmetry A

b

sl and the SM predictions for assl and
a

d

sl. If the measured value of Ab

sl is confirmed, this would demonstrate the
presence of physics beyond the SM in the quark sector. The e+e� B-factory
average asymmetry in B

0 decays is adsl = (0.02±0.31)% [8], in good agreement
with the SM. A measurement of assl with comparable accuracy is important
to establish whether physics beyond the Standard Model influences flavour
oscillations in the B

0
s

system.
When measuring a semileptonic asymmetry at a pp collider, such as the

LHC, particle-antiparticle production asymmetries, denoted as aP, as well as
detector related asymmetries, may bias the measured value of assl. We define
aP in terms of the numbers of produced b-hadrons, N(B), and anti b-hadrons,
N(B), as

aP ⌘ N(B)�N(B)

N(B) +N(B)
, (3)

where aP may in general be di↵erent for di↵erent species of b-hadron.
In this paper we report the measurement of the asymmetry between

D

+
s

Xµ

�
⌫ and D

�
s

Xµ

+
⌫ decays, with X representing possible associated

hadrons. We use the D

±
s

! �⇡

± decay. For a time-integrated measurement
we have, to first order in a

s
sl

Ameas ⌘
�[D�

s

µ

+]� �[D+
s

µ

�]

�[D�
s

µ

+] + �[D+
s

µ

�]
=

a

s

sl

2
+


aP � a

s

sl

2

� R1
t=0

e

��st cos(�M

s

t)✏(t)dtR1
t=0

e

��st cosh(��s t

2
)✏(t)dt

,

(4)
where �M

s

and �
s

are the mass di↵erence and average decay width of the
B

0
s

� B

0
s

meson system, respectively, and ✏(t) is the decay time acceptance
function for B0

s

mesons. Due to the large value of �M

s

, 17.768 ±0.024 ps�1

[9], the oscillations are rapid and the integral ratio in Eq. (4) is approximately
0.2%. Since the production asymmetry within the detector acceptance is
expected to be at most a few percent [10, 11, 12], this reduces the e↵ect of
ap to the level of a few 10�4 for B0

s

decays. This is well beneath our target
uncertainty of the order of 10�3, and thus can be neglected, therefore yielding
Ameas=0.5 a

s
sl.

The measurement could be a↵ected by a detection charge-asymmetry,
which may be induced by the event selection, tracking, and muon selection
criteria. The measured asymmetry can be written as

Ameas = A

c
µ

� Atrack � Abkg, (5)

2

7 Conclusions

We measure the asymmetry a

s

sl, which is twice the measured asymmetry
between D

�
s

µ

+ and D

+
s

µ

� yields, to be

a

s

sl = (�0.06± 0.50± 0.36)%.

Figure 6 shows this measurement, the D0 measured asymmetries in dimuon
decays in 1.96 TeV pp collisions of A

b

sl = (�0.787 ± 0.172 ± 0.093)% [5],
a

d

sl = (0.68 ± 0.45 ± 0.14)% [6], and a

s

sl = (�1.12 ± 0.74 ± 0.17)% [7], and
the most recent average from B-factories [8], namely a

d

sl = (0.02 ± 0.31)%.
Our result for a

s

sl is currently the most precise measurement made and is
consistent with the Standard Model.
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Vertex resolution (vs 
number of tracks)

• The VELO gives LHCb the best 
vertex resolution at the LHC.


• This is crucial for our trigger, that 
selects B decays based on their 
characteristic detached vertices. 
LHCb is the only experiment at 
the LHC whose B trigger can 
efficiently select fully hadronic B 
decays. 


• Also important time-dependent 
measurements (see later).
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Search for Majorana neutrinos in B-→π+P-P-  

� Lepton number violating decay 
forbidden in the SM 
 

� Can probe Majorana neutrino with any 
mass in m(π)+m(P) < m(N) < 5 GeV 
 

� The lifetime of N is unknown, we search 
for N with a lifetime up to 1000 ps 
 

� Experimental status: 
 
 
 

 

Rare decays @ LHCb Justine Serrano 9 

Here we present an update based on the 3fb-1 recorded 
arXiv:1401.5361, submitted to PRL 

CLEO BR(B-→π+P-P-) < 1.4 x10-6 at 90%, PRD65:111102 (2002) 

Babar BR(B-→π+P-P-) < 10.7 x10-8 at 90%, PRD85:071103 (2012) 

LHCb (0.41fb-1) BR(B-→π+P-P-) < 1.3 x10-8 at 95%,  PRD 85:112004 (2012) 

arXiv:1401.5361

mass-dependent limit 
For different lifetimes

computed by counting the number in the interval and the fitted background yield. We
take the ⌧

N

dependence into account by using di↵erent e�ciencies for each lifetime step.
The two-dimensional plot of the upper limit on B(B� ! ⇡+µ�µ�), computed using the
CLs method, is shown in Fig. 5.

Model dependent upper limits on the coupling of a single fourth-generation Majorana
neutrino to muons, |V

µ4|, for each value of m
N

are extracted using the formula from Atre
et al. [4]

B(B� ! ⇡+µ�µ�) =
G4

F

f 2
B

f 2
⇡

m5
B

128⇡2~ |V
ub

V
ud

|2⌧
B

✓
1� m2

N

m2
B

◆
m

N

�
N

|V
µ4|4, (1)

with G
F

= 1.166377 ⇥ 10�5 GeV�2, f
B

= 0.19GeV, f
⇡

= 0.131GeV, |V
ub

| = 0.004,
|V

ud

| = 0.9738, m
B

= 5.279GeV, ⌧
B

= 1.671 ps, and ~ = 6.582 ⇥ 10�25 GeV s [15]. The
total neutrino decay width, �

N

, is a function of m
N

and proportional to |V
µ4|2. In order to

set limits on |V
µ4|2 a model for �

N

is required. The purely leptonic modes are specified in
Ref. [4]. For the hadronic modes we use the fraction of times the charged current manifests
itself as a single charged pion in ⌧� and B� decays, giving an additional m3

N

dependent
factor in �

N

. The total width for Majorana neutrino decay then is

�
N

=
⇥
3.95m3

N

+ 2.00m5
N

(1.44m3
N

+ 1.14)
⇤
10�13|V

µ4|2, (2)

where m
N

and �
N

are in units of GeV. The first term corresponds to fully leptonic
three-body decays, while the second is for decays into one lepton and hadrons.

To obtain upper limits on |V
µ4|2 for each value of m

N

we assume a value for |V
µ4|, and

calculate �
N

. This allows us to determine the ⌧
N

dependent detection e�ciency. We then
use Eq. (1) to find the branching fraction. The value of |V

µ4| is adjusted to match the
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Figure 3: Invariant ⇡+µ� mass distribution for ⇡+µ�µ� candidates with masses restricted to
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spectrum. At every 5 MeV step beginning at 250 MeV and ending at 5000 MeV we define
a ±3� search region, where � ranges from approximately 3 MeV at low mass to 24 MeV at
high mass. The mass resolution is determined from fitting signals in other LHCb data [2].
The fitted background is then subtracted from the event yields in each interval. The upper
limit at 95% C.L. of B(B� ! ⇡+µ�µ�) at each mass value is computed using the CL

s

method. The simulated e�ciency ratio to the normalization mode averages about 0.8 up
to 4000 MeV, and then approaching the phase space boundary, sharply decreases to 0.2 at
5000 MeV. The results of this scan are shown in Fig. 4.

The e�ciency is highest for ⌧
N

of a few ps, and decreases rapidly until about 200 ps
when it levels o↵ until about 1000 ps, beyond which it slowly vanishes as most of the
decays occur outside of the vertex detector. For L candidates, we set upper limits as a
function of both m

N

and lifetime by performing the same scan in mass as before, but
applying e�ciencies appropriate for individual lifetime values between 1 and 1000 ps. The
number of background events is extracted from the sum of combinatorial and peaking
backgrounds in the fit to the m(⇡+µ�) distribution in the same manner as for the S
sample. The estimated signal yield is the di↵erence between the total number of events
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LHCb
• ca 100,000 b-bbar pairs per second at 14 

TeV. Produce all types of B-hadrons (Bd, 
Bs, B±, Bc, Λb,...). Even more c-cbar pairs 
for charm physics.


• Special geometry to capture as many of 
them as possible.


• Vertex detector INSIDE the beampipe for 
extra precision


• Ring Imaging Cherenkov detector (RICH) 
that provides particle identification.


• Trigger on displaced vertices - captures 
all types of B decays.

73

at the LHC

The dedicated B-
physics detector at
the LHC
• Detector op-

timised for B
physics.

• Detector geome-
try for maximum
B-coverage.

• Special skill:
Particle identifi-
cation (RICH)

8
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Photon polarisation in b→sγ with
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Figure 2: Background-subtracted K+⇡�⇡+ mass distribution of the B+ ! K+⇡�⇡+� signal.
The four intervals of interest, separated by dashed lines, are shown.

spectra in bins of the photon angle is performed in order to determine the background-
subtracted angular distribution; the previously described PDF is used to model the mass
spectrum in each bin, with all of the fit parameters being shared except for the yields.
Since the sign of the photon polarization depends on the sign of the electric charge of the B
candidate, the angular variable cos ✓̂ ⌘ charge(B) cos ✓ is used. The resulting background-
subtracted cos ✓̂ distribution, corrected for the selection acceptance and normalized to the
inverse of the bin width, is fit with a fourth-order polynomial function normalized to unit
area,

f(cos ✓̂; c
0

=0.5, c
1

, c

2

, c

3

, c

4

) =
4X

i=0

c

i

L

i

(cos ✓̂) , (3)

where L

i

(x) is the Legendre polynomial of order i and c

i

is the corresponding coe�cient.
Using Eqs. 1 and 3 the up-down asymmetry defined in Eq. 2 can be expressed as

A
ud

= c

1

� c

3

4
. (4)

As a cross-check, the up-down asymmetry in each mass interval is also determined with a
counting method, rather then an angular fit, as well as considering separately the B

+ and
B

� candidates. All these checks yield compatible results.
The results obtained from a �

2 fit of the normalized binned angular distribution,
performed taking into account the full covariance matrix of the bin contents and all of
the systematic uncertainties, are summarized in Table 1. These systematic uncertainties
account for the e↵ect of choosing a di↵erent fit model, the impact of the limited size of the
simulated samples on the fixed parameters, and the possibility of some events migrating
from a bin to its neighbor because of the detector resolution, which gives the dominant
contribution. The systematic uncertainty associated with the fit model is determined by
performing the mass fit using several alternative PDFs, while the other two are estimated
with simulated pseudoexperiments. Such uncertainties, despite being of the same size as

4

Up-down asymmetry results

• Four independent up-down asymmetries 
are obtained
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Figure 1: Mass distribution of the selected B+! K+⇡�⇡+� candidates. The blue solid curve
shows the fit results as the sum of the following components: signal (red solid), combinato-
rial background (green dotted), missing pion background (black dashed) and other partially
reconstructed backgrounds (purple dash-dotted).

above and below the B mass. The four tail parameters are fixed from simulation; the
width of the signal peak is fit separately for 2011 and 2012 data to account for di↵erences
in calorimeter calibration. Combinatorial and partially reconstructed backgrounds are
considered in the fit, the former modeled with an exponential PDF, the latter described
using an ARGUS PDF [19] convolved with a Gaussian function with the same width as
the signal to account for the photon energy resolution. The contribution to the partially
reconstructed background from events with only one missing pion is considered separately.

The fit of the mass distribution of the selected B

+! K

+

⇡

�
⇡

+

� candidates (Fig. 1)
returns a total signal yield of 13 876 ± 153 events, the largest sample recorded for this
channel to date. Figure 2 shows the background-subtracted K

+

⇡

�
⇡

+ mass spectrum
determined using the technique of Ref. [20], after constraining the B mass to its nominal
value. No peak other than that of the K

1

(1270)+ resonance can be clearly identified.
Many kaon resonances, with various masses, spins and angular momenta, are expected to
contribute and interfere in the considered mass range [1].

The contributions from single resonances cannot be isolated because of the complicated
structure of the K

+

⇡

�
⇡

+ mass spectrum. The up-down asymmetry is thus studied
inclusively in four intervals of K+

⇡

�
⇡

+ mass. The [1.4, 1.6] GeV/c2 interval, studied
in Ref. [7], includes the K

1

(1400)+, K⇤
2

(1430)+ and K

⇤(1410)+ resonances with small
contributions from the upper tail of the K

1

(1270)+. At the time of the writing of Ref. [7],
the K

1

(1400)+ was believed to be the dominant 1+ resonance, so the K

1

(1270)+ was
not considered. However, subsequent experimental results [21] demonstrated that the
K

1

(1270)+ is more prominent than the K

1

(1400)+, hence the [1.1, 1.3] GeV/c2 interval is
also studied here. The [1.3, 1.4] GeV/c2 mass interval, which contains the overlap region
between the two K

1

resonances, and the [1.6, 1.9] GeV/c2 high mass interval, which includes
spin-2 and spin-3 resonances, are also considered.

In each of the four K+

⇡

�
⇡

+ mass intervals, a simultaneous fit to the B-candidate mass

3

• First observation of P violation in 
radiative decays.


• Need more theory input to turn this 
into a precision test of the SM.


• Future: B→φγ (time-dependent) very 
promising, theoretically clean.

B±→K+ π– π+ γ
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CPV in charm - time-dependent measurements

75

4.8M D→KK 
1.6M D→ππ 

34.1M D→Kπ

CP even

control channel
signal purity > 90% 
for all modes

Results 
⚉  Measurement of the lifetime for each final state and each D0 flavour 

Silvia Borghi - University of Manchester Charm 2013 16 

LHCbPPAPERP2013P054!(in!prep.)!

€ 

D 0 →K +K −

€ 

D 0 →π +π−

AΓ(KK)=(-0.35 ± 0.62stat) 10-3 

AΓ(ππ)=( 0.33 ± 1.06stat) 10-3 
LHCb 

preliminary Results are consistent with no CP violation, and with each 
other. They are by far the most precise results for this quantity.

A�(⇡⇡) = (�0.33± 0.62± 0.12) · 10�3

A�(⇡⇡) = (+0.33± 1.06± 0.14) · 10�3

Phys. Rev. Lett. 112 (2014) 041801
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B→K*μ+μ– at ATLAS, CMS and LHCb
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Figure 2: Invariant mass distribution of B

0
d

! K

⇤0µ+µ� candidates as data points after the full signal
selection. The solid blue (dark) line denotes the mass likelihood fit with the background component as
dotted red line and the signal component as solid green (light) line.

L =
NY

i=1

h
Nsig · Msig(m

i

, �
m

i

) + Nbckg · Mbckg(m
i

)
i
, (1)

where Nsig and Nbckg are the number of signal and background events, andMsig andMbckg the probability
density functions for signal and background, respectively, and N

sig + N

bckg is the Poisson distributed
expected number of total events. The probability density function for the signal is modelled as a Gaussian
function with mass m

i

and per-candidate error �
m

i

and the probability density function for the background
as an exponential. Fitting the invariant mass distribution using the entire q

2 space (see Figure 2), the fit
for the invariant mass region of 4900 MeV < m(K⇡µµ) < 5700 MeV gives an estimate for the number
of signal events N

sig = 466 ± 34 and the number of background events N

bckg = 1132 ± 43. Since the
cut on �m removing radiative decays shows a significant influence on the sidebands in the central q

2

bin, the corresponding mass fit region is reduced to 5100 MeV < m(K⇡µµ) < 5450 MeV, and in the bin
14.18 GeV2 < q

2 < 16 GeV2 to 4900 MeV < m(K⇡µµ) < 5450 MeV. Due to kinematic constraints in
the bin 16 GeV2 < q

2 < 19 GeV2 the mass region is set to 5100 MeV < m(K⇡µµ) < 5700 MeV. Since
the trigger acceptance limits the statistics at low values of q

2, no measurement is performed in the lowest
bin used by Belle, 0.04 GeV2 < q

2 < 2 GeV2.
The di↵erential decay rate of B

0
d

! K

⇤0µ+µ� is parametrized by the invariant di-muon mass q

2 and
the three helicity angles ✓

L

, ✓
K

and � in the rest frame of the four particle final state. At a given q

2 the
integration [10, 11] of the di↵erential decay rate over ✓

K

and � gives

1
�

d2�

dq

2d cos ✓
L

=
3
4

F

L

(q2)
⇣
1 � cos2 ✓

L

⌘
+

3
8

⇣
1 � F

L

(q2)
⌘ ⇣

1 + cos2 ✓
L

⌘
+ A

FB

(q2) cos ✓
L

(2)

and the integration over ✓
L

and � the di↵erential decay rate yields
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Figure 2: Invariant mass distributions of K+⇡�µ+µ� candidates in the six q2 bins used in the
analysis. The candidates have been weighted to account for the detector acceptance (see text).
Contributions from exclusive (peaking) backgrounds are negligible after applying the vetoes
described in Sec. 4.

and B0! K⇤0J/ backgrounds are fixed with respect to the fitted B0! K⇤0µ+µ� signal
yield according to the ratios described in Sec. 4. These backgrounds are varied to evaluate
the corresponding systematic uncertainty. The resulting signal yields are given in Table 1.
In the full 0.1 < q2 < 19.0GeV2/c4 range, the fit yields 883± 34 signal decays.

The di↵erential branching fraction of the decay B0 ! K⇤0µ+µ�, in each q2 bin, is
estimated by normalising the B0! K⇤0µ+µ� yield, N

sig

, to the total event yield of the
B0! K⇤0J/ control sample, N

K

⇤0
J/ 

, and correcting for the relative e�ciency between
the two decays, "

K

⇤0
J/ 

/"
K

⇤0
µ

+

µ

� ,

8

… …

CMS Collaboration / Physics Letters B 727 (2013) 77–100 81

Table 1
Systematic uncertainty contributions for the measurements of F L , AFB, and dB/dq2.
The F L and AFB uncertainties are absolute values, while the dB/dq2 uncertainties
are relative to the measured value. The ranges given refer to the variations over the
q2 bins.

Systematic uncertainty F L(10−3) AFB(10−3) dB/dq2(%)

Efficiency statistical uncertainty 5–7 3–5 1
Potential bias from fit algorithm 3–40 12–77 0–2.7
Potential bias from fit ingredients 0 0–17 0–7.1
Incorrect CP assignment of decay 2–6 2–6 0
Effect of Kπ S-wave contribution 5–23 6–14 5
Peaking background mass shape 0–26 0–8 0–15
Background shapes vs. cos θL,K 3–180 4–160 0–3.3
Signal mass shape 0 0 0.9
Angular resolution 0–19 0 0
Efficiency shape 16 4 4.3
Normalization to B0 → K∗0J/ψ – – 4.6

Total systematic uncertainty 31–190 18–180 8.6–17

0.570 ± 0.008 [41], while the value for AFB is consistent with the
expected result of no asymmetry. The same fit is performed for
the B0 → K∗0ψ ′q2 bin, where 3200 signal events yield results of
F L = 0.509 ± 0.016 (stat.), which is consistent with the world-
average value of 0.46 ± 0.04 [41], and AFB = 0.013 ± 0.014 (stat.),
compatible with no asymmetry, as expected in the SM.

The K+π−µ+µ− invariant mass distributions for each q2 bin
of the signal sample B0 → K∗0 µ+µ− are shown in Fig. 3, along
with the projection of the unbinned maximum-likelihood fit de-
scribed in Section 4. Clear signals are seen in each bin, with yields
ranging from 23 ± 6 to 103 ± 12 events. The fitted results for F L
and AFB are shown in Fig. 4, along with the SM predictions. The
values of AFB and F L obtained for the first q2 bin are at the phys-
ical boundary, which is enforced by a penalty term. This leads to
statistical uncertainties, obtained from minos [49], of zero for the
positive (negative) uncertainty for F L (AFB).

The SM predictions are taken from Ref. [14] and combines two
calculational techniques. In the low-q2 region, a QCD factorization
approach [10] is used, which is applicable for q2 < 4m4

c , where mc
is the charm quark mass. In the high-q2 region, an operator prod-
uct expansion in the inverse b-quark mass and 1/

√
q2 [50,51] is

combined with heavy quark form factor relations [52]. This is valid
above the open-charm threshold. In both regions, the form factor
calculations are taken from Ref. [53], and a dimensional estimate
is made of the uncertainty from the expansion corrections [27].
Other recent SM calculations [15,17–19] give similar results, with
the largest variations found in the uncertainty estimates and the
differential branching fraction value. Between the J/ψ and ψ ′ res-
onances, reliable theoretical predictions are not available.

Using the efficiency corrected yields for the signal and normal-
ization modes (B0 → K∗0µ+µ− and B0 → K∗0J/ψ ) and the world-
average branching fraction for the normalization mode [41], the
branching fraction for B0 → K∗0µ+µ− is obtained as a function
of q2, as shown in Fig. 5, together with the SM predictions. The
results for AFB, F L , and dB/dq2 are also reported in Table 2.

The angular observables can be theoretically predicted with
good control of the relevant form-factor uncertainties in the low
dimuon invariant-mass region. It is therefore interesting to per-
form the measurements of the relevant observables in the 1 <
q2 < 6 GeV2 region. The experimental results in this region, along
with the fit projections, are shown in Fig. 6. The values obtained
from this fit for F L , AFB, and dB/dq2 are shown in the bottom
row of Table 2. These results are consistent with the SM pre-
dictions of F L = 0.74+0.06

−0.07, AFB = −0.05 ± 0.03, and dB/dq2 =
(4.9+1.0

−1.1) × 10−8 GeV−2 [54].
The results of AFB, F L , and the branching fraction versus q2 are

compared to previous measurements that use the same q2 bin-

Fig. 2. The K+π−µ+µ− invariant-mass (top), cos θl (middle), and cos θK (bottom)
distributions for the q2 bin associated with the B0 → K∗0J/ψ decay, along with re-
sults from the projections of the overall unbinned maximum-likelihood fit (solid
line), the signal contribution (dashed line), and the background contribution (dot-
dashed line).

ning [36–38,55,56] in Fig. 7. The CMS measurements are more
precise than all but the LHCb values, and in the highest-q2 bin,
the CMS measurements have the smallest uncertainty in AFB and
F L . Table 3 provides a comparison of the same quantities in the
low dimuon invariant-mass region: 1 < q2 < 6 GeV2.

7. Summary

Using a data sample recorded with the CMS detector during
2011 and corresponding to an integrated luminosity of 5.2 fb−1, an
angular analysis of the decay B0 → K∗0µ+µ− has been carried out.
The data used for this analysis include more than 400 signal de-
cays and 50 000 normalization/control mode decays (B0 → K∗0J/ψ
and B0 → K∗0ψ ′). Unbinned maximum-likelihood fits have been
performed in bins of the square of the dimuon invariant mass (q2)
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B→K*μ+μ–: interpretation
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• Combining the K*μμ 
observables, and 
other flavour 
physics 
observables such 
as Bs→μμ.


• 3.7σ difference* 
from SM C9


• Several theorists 
suggest a flavour 
changing Z’ gauge 
boson as a possible 
explanation
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FIG. 1: Fit to (CNP
7 , CNP

9 ), using the three large-recoil bins
for B ! K⇤µ+µ� observables, together with B ! Xs�, B !
Xsµ

+µ�, B ! K⇤� and Bs ! µ+µ�. The dashed contours
include both large- and low-recoil bins, whereas the orange
(solid) ones use only the 1-6 GeV2 bin for B ! K⇤µ+µ�

observables. The origin CNP
7,9 = (0, 0) corresponds to the SM

values for the Wilson coe�cients CSM
7e↵,9 = (�0.29, 4.07) at

µb = 4.8 GeV.

and dileptonic decays, lead to contours in the (CNP
7 , CNP

9 )
plane similar to Fig. 1.

We would like to understand whether this conclusion
is due to peculiarities of individual bins. For this pur-
pose we repeat the analysis restricting the input for the
B ! K

⇤
µ

+
µ

� observables to [1, 6] GeV2 bins, exploiting
several theoretical and experimental advantages. Such
wider bins collect more events with larger statistics. Fur-
thermore, some theoretical issues are less acute, such as
the e↵ect of low-mass resonances at very low q

2 . 1
GeV2 [36], or the impact of charm loops above ⇠ 6
GeV2 [37]. On the other hand, integrating over such a
large bin washes out some e↵ects related to the q2 depen-
dence of the observables, so that we expect this analysis
to have less sensitivity to NP [15]. This can be seen in
Fig. 1, where the regions in this case are indicated by
the orange curves, and as expected the constraints get
slightly weaker. In addition, due to the fact that the-
oretical uncertainties happen to increase moderately for
large negative NP contributions to C9, the constraints are
looser in the lower region of the (CNP

7 , CNP
9 ) plane. We

emphasise that even in this rather conservative situation
the main conclusion (a NP contribution CNP

9 ⇠ �1.5)
still prevails, whereas the SM hypothesis has still a pull
of 3.2�.

We illustrate the improvement gained by shifting C9 in
Fig. 2, where we show the predictions for CNP

9 = �1.5

(and other CNP
i

= 0) for the observables P2, P 0
4 and P

0
5,

together with the experimental data and SM predictions.
In particular, we observe how the various observables de-
scribed in Sec. 1 change for CNP

9 < 0. If the data is in
general well reproduced in this scenario, there are still a
few observables di�cult to explain theoretically. Looking
at Fig. 2, the most obvious cases are hP 0

5i in the first and
third bins. One can see there is a tension between these
two bins: more negative values for CNP

9 reproduce bet-
ter the third bin, but drive the first bin upwards, whose
experimental value is consistent with the SM. A similar
situation happens with the second and third bins of hP2i,
although in this case a good compromise is achieved.

Concerning the individual constraints to the fit, the
large-recoil bins for P2 and P

0
5 both favour the same

large region away from the SM in the (CNP
7 , CNP

9 ) plane,
providing a negative correlation between CNP

7 and CNP
9 .

B ! X

s

� selects values of CNP
7 close to the SM value,

leading to the combined (smaller) region shown in Fig. 1.
To be more quantitative, we have considered the pulls
obtained by removing in turn one or two observables
from the fit. We find that the largest pulls are as-
sociated to hP 0

5i[4.3,8.68], B ! X

s

�, hP2i[14.18,16] and
hP 0

4i[14.18,16]. B ! X

s

� has a large pull because it plays a
very important role in disfavouring a scenario with large
and negative CNP

7 , which can mimic the CNP
9 scenario in

B ! K

⇤
µ

+
µ

� observables. The observables hP 0
5i[4.3,8.68]

and hP2i[14.18,16] pull in di↵erent directions: the former
favours more negative and the latter less negative values
for CNP

9 , while the best fit point lies somewhat in the
middle, with or without these observables. On the other
hand hP 0

4i[14.18,16] has a marginal e↵ect on the results of
the fit.

The role of individual observables is confirmed by
comparing our analysis with the preliminary results in
Ref. [25], performed in the same framework, but with
only P1,P2 and AFB as inputs for B ! K

⇤
µ

+
µ

�, lead-
ing to a 3� deviation from the SM in the (CNP

7 , CNP
9 )

plane (in our present analysis, this e↵ect is magnified by
the addition of P 0

4,5,6,8 [20] among the observables). We
emphasise the importance of choosing the right set of ob-
servables among the three correlated inputs AFB, P2, FL

:
F

L

has a very significant dependence on the choice of
form factors (Fig. 5), which is less acute in the case of
AFB and P2, so that the choices (F

L

, P2) or (F
L

, AFB)
[38] lead to results that are more biased by the specific
parametrisation of form factors considered and less sen-
sitive to NP compared to (AFB, P2) [25]. For this rea-
son, we use AFB instead of F

L

in our analysis. We have
checked by two di↵erent procedures (NLO QCD factori-
sation and naive factorisation) that the 3� deviation re-
ported in Ref. [25] using [1-6] bins gets reduced to around
1 � if F

L

is used as an input instead of P2 or AFB (in
agreement with Ref. [38], where F

L

is used).

3

Observable Experiment SM prediction Pull

hP1i[0.1,2] �0.19+0.40
�0.35 0.007+0.043

�0.044 �0.5
hP1i[2,4.3] �0.29+0.65

�0.46 �0.051+0.046
�0.046 �0.4

hP1i[4.3,8.68] 0.36+0.30
�0.31 �0.117+0.056

�0.052 +1.5
hP1i[1,6] 0.15+0.39

�0.41 �0.055+0.041
�0.043 +0.5

hP2i[0.1,2] 0.03+0.14
�0.15 0.172+0.020

�0.021 �1.0
hP2i[2,4.3] 0.50+0.00

�0.07 0.234+0.060
�0.086 +2.9

hP2i[4.3,8.68] �0.25+0.07
�0.08 �0.407+0.049

�0.037 +1.7
hP2i[1,6] 0.33+0.11

�0.12 0.084+0.060
�0.078 +1.8

hP 0
4i[0.1,2] 0.00+0.52

�0.52 �0.342+0.031
�0.026 +0.7

hP 0
4i[2,4.3] 0.74+0.54

�0.60 0.569+0.073
�0.063 +0.3

hP 0
4i[4.3,8.68] 1.18+0.26

�0.32 1.003+0.028
�0.032 +0.6

hP 0
4i[1,6] 0.58+0.32

�0.36 0.555+0.067
�0.058 +0.1

hP 0
5i[0.1,2] 0.45+0.21

�0.24 0.533+0.033
�0.041 �0.4

hP 0
5i[2,4.3] 0.29+0.40

�0.39 �0.334+0.097
�0.113 +1.6

hP 0
5i[4.3,8.68] �0.19+0.16

�0.16 �0.872+0.053
�0.041 +4.0

hP 0
5i[1,6] 0.21+0.20

�0.21 �0.349+0.088
�0.100 +2.5

hP 0
6i[0.1,2] 0.24+0.23

�0.20 �0.084+0.034
�0.044 +1.6

hP 0
6i[2,4.3] �0.15+0.38

�0.36 �0.098+0.043
�0.056 �0.1

hP 0
6i[4.3,8.68] 0.04+0.16

�0.16 �0.027+0.060
�0.063 +0.4

hP 0
6i[1,6] 0.18+0.21

�0.21 �0.089+0.042
�0.052 +1.3

hP 0
8i[0.1,2] �0.12+0.56

�0.56 0.037+0.037
�0.030 �0.3

hP 0
8i[2,4.3] �0.30+0.60

�0.58 0.070+0.045
�0.034 �0.6

hP 0
8i[4.3,8.68] 0.58+0.34

�0.38 0.020+0.054
�0.055 +1.5

hP 0
8i[1,6] 0.46+0.36

�0.38 0.063+0.042
�0.033 +1.0

hAFBi[0.1,2] �0.02+0.13
�0.13 �0.136+0.051

�0.048 +0.8
hAFBi[2,4.3] �0.20+0.08

�0.08 �0.081+0.055
�0.069 �1.1

hAFBi[4.3,8.68] 0.16+0.06
�0.05 0.220+0.138

�0.113 �0.5
hAFBi[1,6] �0.17+0.06

�0.06 �0.035+0.037
�0.034 �2.0

hP1i[14.18,16] 0.07+0.26
�0.28 �0.352+0.697

�0.468 +0.6
hP1i[16,19] �0.71+0.36

�0.26 �0.603+0.589
�0.315 �0.2

hP2i[14.18,16] �0.50+0.03
�0.00 �0.449+0.136

�0.041 �1.1
hP2i[16,19] �0.32+0.08

�0.08 �0.374+0.151
�0.126 +0.3

hP 0
4i[14.18,16] �0.18+0.54

�0.70 1.161+0.190
�0.332 �2.1

hP 0
4i[16,19] 0.70+0.44

�0.52 1.263+0.119
�0.248 �1.1

hP 0
5i[14.18,16] �0.79+0.27

�0.22 �0.779+0.328
�0.363 +0.0

hP 0
5i[16,19] �0.60+0.21

�0.18 �0.601+0.282
�0.367 +0.0

hP 0
6i[14.18,16] 0.18+0.24

�0.25 0.000+0.000
�0.000 +0.7

hP 0
6i[16,19] �0.31+0.38

�0.39 0.000+0.000
�0.000 �0.8

hP 0
8i[14.18,16] �0.40+0.60

�0.50 �0.015+0.009
�0.013 �0.6

hP 0
8i[16,19] 0.12+0.52

�0.54 �0.008+0.005
�0.007 +0.2

hAFBi[14.18,16] 0.51+0.07
�0.05 0.404+0.199

�0.191 +0.5
hAFBi[16,19] 0.30+0.08

�0.08 0.360+0.205
�0.172 �0.3

104 BB!Xs� 3.43± 0.22 3.15± 0.23 +0.9
106 BB!Xsµ+µ� 1.60± 0.50 1.59± 0.11 +0.0
109 BBs!µ+µ� 2.9± 0.8 3.56± 0.18 �0.8
AI(B ! K⇤�) 0.052± 0.026 0.041± 0.025 +0.3
SK⇤� �0.16± 0.22 �0.03± 0.01 �0.6

TABLE I: Experimental averages and SM predictions for the
observables used in the analysis. The dictionary between
the di↵erent conventions used in Refs. [19, 20] and [7, 15] is:
PLHCb
1 = P1, P

LHCb
2 = �P2, P

0LHCb
4 = � 1

2
P 0
4, P

0LHCb
5 = P 0

5,

P 0LHCb
6 = �P 0

6 and P 0LHCb
8 = 1

2
P 0
8 (sign di↵erences stem from

✓LHCb
` = ⇡ � ✓`).

the available results from other experiments has only a
marginal impact on the data [27]).

3. Radiative and dileptonic B decays: There are other
important b ! s penguin modes sensitive to magnetic
and dileptonic operators. We consider the branching ra-
tios B(B ! X

s

�)
E�>1.6GeV, B(B ! X

s

µ

+
µ

�)[1,6] and
B(B

s

! µ

+
µ

�), the isospin asymmetry A

I

(B ! K

⇤
�)

and the B ! K

⇤
� time-dependent CP asymmetry S

K

⇤
�

.
Relevant formulas for these observables can be found in
Ref. [26], while updated experimental numbers are taken
from Refs. [27–29] and Refs. [30–32] (where the average
for B(B

s

! µ

+
µ

�) takes into account di↵erences in the
ratio of production fractions f

s

/f

d

and normalisations
for CMS and LHCb). We disregard other similar observ-
ables, either because their theoretical description is not
ascertained, such as A

CP

(B ! X

s

�), or because of ex-
perimental issues, as is the case with B ! Kµ

+
µ

� due to
the unclear status of the experimental separation of neu-
tral and charge modes indicated by the measured isospin
asymmetry [33].

For B ! Kµ

+
µ

�, an additional issue was raised in
Ref. [34], as an unexpected resonant structure  (4160)
has been observed in B

+ ! K

+
µ

+
µ

� at low recoil. It
remains to be seen how this resonant structure can im-
pact the neutral mode around q

2 ' 17.3 GeV2, and if it
can modify the predictions for B ! K

⇤
µ

+
µ

� observables
for the two bins in the low-recoil region. In the following
analysis, we will always consider two data sets: one with
only large-recoil data, the other one with both low- and
large-recoil data.

Experimental averages and SM theoretical predictions
for all these observables are summarised in Table I. As an
outcome of the fit, all Wilson coe�cients have 2� C.L. in-
tervals encompassing the SM value, except for C9 (below
its SM value) with a best fit point around CNP

9 ⇠ �1.2.
The SM hypothesis (CNP

i

= 0 for all i) has a pull2 of 2.9�.
The individual 1, 2 and 3� intervals for the Wilson co-
e�cients are given in Table II 3. The most economical
scenario corresponds to a negative NP contribution to
C9 with all the other Wilson coe�cients close to their
SM value. Even though the branching ratio is a↵ected
by very large uncertainties and is not considered in our
analysis, it is also interesting to notice that CNP

9 < 0
would tend to decrease the di↵erential branching ratio,
improving the agreement with experimental data.

2 When testing a hypothesis (e.g. the SM) in a given framework,
we refer to its p-value in units of � as the “pull” of this hypoth-
esis. Therefore, a lower p-value corresponds to a larger pull in
units of �.

3 Besides the region close to the SM point, there is an allowed but
less favoured region close to the flipped-sign solution for the Wil-
son coe�cients (Ci ' �CSM

i ). The appearance of this region is
expected and well understood (e.g., Ref. [26]), but would corre-
spond to a significant amount of NP. We thus disregard it for the
time being, even though this should be kept in mind in future
analyses.

suppressed by another vertex coupling constant compared to b → sγ. These

rare decays have three amplitudes contributing differently at different recoil

energies (m2
ℓ+ℓ− = q2), and thus they have non-trivial kinematic properties

which can be predicted and measured.

1.3.1 Effective Hamiltonian and the Operator Product Expansion

The physics of heavy quark transitions is often described using the Operator

Product Expansion (OPE) [12], which separates the decay amplitude into

a short distance perturbative portion and a long distance non-perturbative

piece. In this framework, the effective low-energy Hamiltonian relevant to the

b → sℓ+ℓ− process can be written as [13]:

H(b → sℓ+ℓ−) = −4GF√
2

V ∗
tsVtb

10∑

i=1

Ci(µ)Oi(µ) (1.3)

where GF ≡
√

2
8

(
g2

MW

)2
is the Fermi coupling constant and V ∗

tsVtb are the CKM

matrix elements which dominate.

The terms Ci(µ) are the Wilson coefficients [14] which describe the short

distance physics above the energy scale µ; the terms O(µ) are local operators

describing the non-perturbative physics at scales below µ. Both the operators

and the Wilson coefficients depend on the scale at which they are calculated,

while the resulting Hamiltonian is scale independent.

The Wilson coefficients are customarily calculated at the scale of MW

and must be scaled (using a renormalization in the MS scheme [15]) down to

the b mass. In the OPE, physical observables are rewritten in terms of “effec-

11

it’s the faint broken 
lines that matter

Descotes-Genon, JMatias, 
Virto: arXiv:1307.5683 (2013)

*) Even 4.6σ if we consider only the low q2 region, which is the theoretically best understood.
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The Future: LHCb upgrade

• We need (even) more precision. Need: More luminosity, better trigger.


• Trigger upgrade is crucial as the current trigger would “choke”, the signal 
yields would not increase in line with the increased luminosity.


• For the LHCb upgrade we will read out the entire detector at the bunch-
crossing rate at 40MHz, and then use a fully customisable software trigger. 
Effectively, the trigger will use the same information as the offline selection!


• This doubles the trigger efficiency for hadronic modes, and provides the 
most flexible trigger at the LHC - we’ll be able to react quickly to any new 
discoveries. This will be fantastic for flavour, but go far beyond it - we will 
have a true general purpose detector for the forward region.

78
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Changing the trigger is not all...

79

Lomonosov 2013 – CPV & Rare Decays @ LHCb (39/40) O. Steinkamp27.08.2013

LHCb Upgrade

● 2013: technology choices, preparation of sub-system TDRs

● 2014: funding, procurements

● 2015-2019: construction and installation

VELO: replace 
completely - and 
upgrade from Si 
strips to pixels

RICHes: New 
photodectors, new 

R/O, optimised 
RICH 1 geometry

20

T-station upgrade: fib
er tra

cker

3 stations of X-U-V-X scintillating fiber 

planes (≤5°) => 12 planes

Every plane is made of 5 layers of 

Ø250 μm fibers, 2.5 m long.

1 SiPM channel

Read out by SiPM outside acceptance

4608 SiPMs connected to specific ASIC (PACIFIC)

Challenge: radiation environment:

● Fibers → tested OK

● Neutron damage to SiPM →  operate at -40 °C

scintillating fiber mat
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Majorana neutrinos in B+→π+μ–μ–

80

CLEO BR(B–

Babar BR(B–

LHCb (0.41fb BR(B–

LHCb 3 fb BR(B

LHCb arXiv:1401.5361 (2014)

Analysis strategy 

� 2 selections : 
• Assuming N has zero lifetime, B vertex formed by π+P-P- 

• Detached neutrino: first vertex for π+P-, attached to the second P-  to form 
the B candidate  
 

� Normalization to B+→  J/Ψ K+ 

• Find ~280 000  events 
 
 

� Ratio of efficiencies taken from MC or data driven methods 
 

� Extended maximum likelihood fit to the π+P-P- sidebands to determine the 
combinatorial background 
 

� Peaking background shape taken from MC, yields constrained to B+→  J/Ψ K+ 
 

� Limits obtained with the CLs method 
 Rare decays @ LHCb Justine Serrano 10 

arXiv:1401.5361 

control channel J/ψK
signal window (for 
short-lived N)

Additional results are available for long-lived N, and as function of N mass.
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φs from other Bs decay modes*

81

*) Although closely related, there are subtle differences in the definitions of these φs. They share 
that they are ~0 in the SM, and sensitive to the same NP effects in the Bs mixing box diagram. 

Assuming no CP violation in decay, we find

�
s

= 0.02± 0.17 (stat)± 0.02 (syst) rad,

where the first uncertainty is statistical and the second is systematic. In a fit to the same
data in which we allow for the presence of CP violation in decay we find

�
s

= 0.02± 0.17 (stat)± 0.02 (syst) rad, |�| = 0.91 +0.18
�0.15 (stat)± 0.02 (syst),

where �
s

and |�| have a correlation coe�cient of 3%. This measurement is consistent with
no CP violation. The decay time distribution and the corresponding fit projection for the
case where CP violation in decay is allowed are shown in Fig. 3.

In conclusion, we present the first analysis of the time evolution of flavour-tagged
B0

s

! D+
s

D�
s

decays. We measure the CP -violating weak phase �
s

, allowing for the
presence of CP violation in decay, and find that it is consistent with the Standard Model
expectation and with measurements of �

s

in other decay modes.
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Figure 1: Invariant mass distributions of (a) B0
s

! D+
s

D�
s

and (b) B0! D�D+
s

candidates. The
points show the data; the individual fit components are indicated in the legend; the black curve
shows the overall fit.

than 5.2GeV/c2 for the background. The selection requirement on the BDT output is
chosen to maximise the expected B0

s

! D+
s

D�
s

statistical sensitivity. The B candidates
are required to lie in the mass regions 5300 < M(D+

s

D�
s

) < 5450MeV/c2 for the signal
and 5200 < M(D�D+

s

) < 5450MeV/c2 for the control channel, where the lower bound is
chosen to suppress background contributions from B decays with excited charm mesons in
the final state. The decay time distribution is fitted in the range 0.2 < t < 12 ps where the
lower bound is chosen to reduce backgrounds from particles originating from the primary
vertex.

The mass distributions for the signal, summed over the four final states, and the control
channel are shown in Fig. 1, with results of unbinned maximum likelihood fits overlaid. The
signal shapes are parameterised by the sum of two asymmetric Gaussian functions with a
common mean. The background shapes are obtained from simulation [22–25]. Background
rates from misidentified particles are obtained from D⇤+ ! D0⇡+, D0 ! K�⇡+ calibration
data. Signal and background components are described in Ref. [16]. All yields in the fits to
the full data sample are allowed to vary, except that corresponding to B̄0

(s) ! D+
(s)K

�K+⇡�

decays, which is fixed to be 1% of the signal yield as determined from a fit to the D
s

mass sidebands. We observe 3345± 62 B0
s

! D+
s

D�
s

signal and 21 320± 148 B0! D�D+
s

control channel decays. In the D�D+
s

channel we also observe a contribution from
B0

s

! D+
s

D� as reported previously [18]. We use the sPlot technique [26] to obtain the
decay time distribution of B0

s

! D+
s

D�
s

signal decays where the D+
s

D�
s

invariant mass is
the discriminating variable. A fit to the background-subtracted distribution of the decay
time, t, is performed using the signal-only decay time probability density function (PDF).
The negative log likelihood to be minimised is

� lnL = �↵
NX

i

W
i

lnP(t
i

, �
i

, qtag
i

|⌘tag
i

), (1)

where N denotes the total number of signal and background candidates in the fit region, W
i

2

arXiv:1409.4619 (2014)
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gamma combination
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1 Introduction

The CKM angle � = arg [�VudV
⇤
ub/(VcdV

⇤
cb)] is measured at LHCb using a large variety of

decay channels. The best sensitivity is achieved through a combination of measurements
that determine � along with several other hadronic parameters. The input measurements
provide sensitivty to � through the interference of b ! u and b ! c amplitudes, as
described in more detail in Ref. [1]. Determining the additional hadronic paramters from
data results in a small systematic uncertainty on the measurement of �. This update
improves over the previous combinations [1,2] by adding more decay channels and updating
selected channels to the full available dataset of 3 fb�1. The following measurements are
considered in this combination:

• B

+ ! Dh

+, D ! hh, GLW/ADS, 1 fb�1 [3]

• B

+ ! Dh

+, D ! K⇡⇡⇡, ADS, 1 fb�1 [4]

• B

+ ! DK

+, D ! K

0

Shh, model-independent GGSZ, 3 fb�1 [5]

• B

+ ! DK

+, D ! K

0

SK⇡, GLS, 3 fb�1 [6]

• B

0 ! DK

⇤0, D ! hh, GLW/ADS, 3 fb�1 [7]

• B

0

s ! D

⌥
s K

±, time-dependent, 1 fb�1 [8],

where the symbol h denotes either a kaon or a pion, and the acronyms denote the initials
of authors first proposing the measurements in Refs. [9–18].

Two combinations are prepared, referred to as the “robust” and “full” combinations.
The robust combination only contains observables measured in B ! DK-like systems,
while the full combination contains also information from the B ! D⇡ system. This is
motivated by the fact that LHCb has a large set of �-sensitive observables in B ! D⇡

decays, although their sensitivity to � is suppressed compared to the B ! DK-like
decays. The reason for this is that the amplitude ratio, which governs the interference
e↵ects and therefore the sensitivity, is expected to be a factor ⇡ 15 smaller than for
the B ! DK-like systems. At the same time, the available data samples are usually a
factor 10 larger in B ! D⇡ decays. The full combination is more sensitive to several
e↵ects. The most prominent of these is D

0–D0 mixing [19–21], which we fully correct for
in both combinations, taking into account the D

0 decay time acceptances of the individual
measurements. We also correct at first order for possible CP violation in the D

0 system
using information from the Heavy Flavour Averaging Group (HFAG) [22]. Furthermore,
in order to ensure our combination is not sensitive to mixing and CP violation in K

0

decays [23], we exclude observables where such e↵ects may be non-neglible. Due to the
larger data samples, the relative impact of the systematic uncertainties is larger than in
the previous combination, although both of the current combinations are still statistically
limited. Finally, a small value of the amplitude ratio r

D⇡
B that is not significantly di↵erent

from zero, is known to a↵ect the coverage of the frequentist methods used here.
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Figure 6: Comparing the robust and full combinations.
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mass to be greater than 0.44 GeV and jM!!"!#‘"‘#$ #
M!‘"‘#$ # 0:589 GeVj< 0:0076 GeV, which is %2:5",
where " is the rms resolution.

We suppress continuum e"e# ! q !q events, where q &
u, d, s or c, by requiring R2 < 0:4, where R2 is the second
normalized Fox-Wolfram event-shape moment [19]. We
also require j cos#Bj< 0:9, where #B is the angle between
the B meson and e" beam directions [20].

We identify B mesons using the beam-constrained mass

Mbc &
!!!!!!!!!!!!!!!!!!!!!!!!
E2

beam # p2
B

q
and the energy difference "E &

Ebeam # EB, where Ebeam is the c.m.s. beam energy, pB
is the vector sum of the c.m.s. momenta of the B meson
decay products and EB is their c.m.s. energy sum. We
select events with jMbc #mBj< 0:0071 GeV (mB &
5:279 GeV, is the world-average B-meson mass [21]) and
j"Ej< 0:034 GeV, which are%2:5"windows around the
nominal peak values.

The invariant mass of the selected B! K! 0 candidate
tracks is kinematically constrained to equal mB. This im-
proves the  0 ! ‘"‘# (J= ! ‘"‘#) mass resolution to
" & 4:4 MeV (5.3 MeV). We require M!‘"‘#$ computed
with the fitted lepton four-vectors to be within %2:5" of
m 0 (mJ= ), the world-average  0 (J= ) mass [21].

For the  0 ! ‘"‘# mode we compute M!! 0$
as M!!‘"‘#$ #M!‘"‘#$ "m 0 ; for  0 ! !"!#J= 
decays, we use M!! 0$ & M!!!"!#J= $ #
M!!"!#J= $ " m 0 . Simulations of the two  0 decay
modes indicate that the experimental resolution for
M!!" 0$ is " ’ 2:5 MeV for both modes.

Figure 1 shows a Dalitz plot of M2!K!"$ (horizontal)
vs: M2!!" 0$ (vertical) for the B! K!" 0 candidate

events. Here, a distinct band at M2
K! ’ 0:8 GeV2, corre-

sponding to B! K'!890$ 0; K'!890$! K!, is evident.
In addition, there are signs of a K'2!1430$ signal near
M2
K! & 2:0 GeV2. The B! K'!890$ 0 events are used

to calibrate the Mbc and "E peak positions and widths.
Some clustering of events in a horizontal band is evident

in the upper half of the Dalitz plot near M2!! 0$ ’
20 GeV2. To study these events with the effects of the
known K! resonant states minimized, we restrict our
analysis to the events with jM!K!$ #mK'!890$j (
0:1 GeV and jM!K!$ #mK'2!1430$j ( 0:1 GeV. In the fol-
lowing, we refer to this requirement as the K' veto.

The open histogram in Fig. 2 shows the M!!" 0$ dis-
tribution for selected events with the K' veto applied. The
bin width is 10 MeV. The shaded histogram shows the
scaled distribution from "E sidebands (j"E% 0:070j<
0:034 GeV). Here a strong enhancement is evident near
M!! 0$ ) 4:43 GeV.

We perform a binned maximum-likelihood fit to the
M!! 0$ invariant mass distribution using a relativistic
S-wave Breit Wigner (BW) function to model the peak
plus a smooth phase-space-like function fcont!M$, where
fcont!M$ &N contq'!Q1=2 " A1Q3=2 " A2Q5=2$. Here q'

is the momentum of the !" in the ! 0 rest frame and Q &
Mmax #M, where Mmax & 4:78 GeV is the maximum
M!! 0$ value possible for B! K! 0 decay. The normal-
ization N cont and two shape parameters A1 and A2 are free
parameters in the fit. This form for fcont!M$ is chosen
because it mimics two-body phase-space behavior at the
lower and upper mass boundaries. [Since the M!! 0$

FIG. 1. The M2!K!$ (horizontal) vs M2!! 0$ (vertical)
Dalitz-plot distribution for B0 ! K#!" 0 candidate events.
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FIG. 2 (color online). The M!!" 0$ distribution for events in
the Mbc # "E signal region and with the K' veto applied. The
shaded histogram show the scaled results from the "E sideband.
The solid curves show the results of the fit described in the text.

PRL 100, 142001 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
11 APRIL 2008

142001-3

m(ψ(2S) π)/GeV
BELLE, Phys. Rev. Lett. 100 (2008) 142001, arXiv:0708.1790.

Is this peak in the ψ(2S)π– invariant mass, seen first 
by BELLE in 2008 when analysing B→ψ(2S)π– K+, 
really a resonance?

The problem is that this 
is just the 1-D projection 

of a 4-D distribution…

Big thing - charged 4-
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observed by BES-III and Belle in 2013 could be a DD* threshold effect
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introduced. Again, common parameters are used for the
Gaussian-constrained masses and widths of the included
resonances, the nonresonant contribution, the K!ð892Þ$,
f0ð600Þ, and !2 masses and widths, as well as the mistag
fraction.

VII. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties are categorized into experi-
mental and modeling uncertainties. The considered experi-
mental sources are efficiency asymmetries varying over the
Dalitz plot, asymmetries of the background in the D0 and

!D0 samples, and the applied efficiency distribution which
is estimated by simulated events and may not adequately
model the composition of trigger configurations in data.
Modeling uncertainties arise from the chosen values for the
radius parameters in the Blatt-Weisskopf form factors and
the limited knowledge on the complex dynamics of the
three-body decay. In this context, the stability of the de-
termined CP-violation quantities under variations of the
employed Dalitz model is tested. The contributions from
the various sources to the total systematic uncertainties can
be found in Tables III, IV, V, and VI.

A. Efficiency asymmetry

The reweighting procedure of the !D0 Dalitz plot accord-
ing to the deviations between the pTð"D!$Þ distributions
for positively and negatively charged pions may not fully
correct for residual small asymmetries between the D0 and
!D0 efficiency distributions. To estimate the size of a sys-
tematic effect originating from such an asymmetry, the
Dalitz-plot fits are repeated without reweighting the !D0

Dalitz plot. The scale of systematic uncertainties is esti-
mated as the differences between the resulting values and
the ones from the default fits.

B. Background asymmetry

To investigate a possible systematic effect originating
from different Dalitz-plot distributions of the background
inD0 and !D0 data, the Dalitz-plot fits are repeated with two
independent background samples distinguished by the
charge of the slow pion in the D!$ decay. The systematic
uncertainties are calculated as differences between the
resulting values and the ones from the default fits.

C. Fit model

The systematic uncertainties originating from the spe-
cific model used for the Dalitz-plot fit are estimated by
repeating the fits when one of the resonances K!ð1410Þ$,
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FIG. 4 (color online). Projections of the Dalitz-plot fit on the
individual two-body masses, together with the corresponding
distributions in data.

) [GeV/c]±D*π(
T

p
0.5 1 1.5 2

)-
D

*
+N +

D
*

)/
(N

-
D

*
-N +

D
*

(N

-0.1

-0.05

0

0.05

0.1

FIG. 5 (color online). Asymmetry between the numbers of
reconstructed D!þ and D!& candidates as a function of the
soft pion’s pT .

T. AALTONEN et al. PHYSICAL REVIEW D 86, 032007 (2012)

032007-10

 ππ 
resonance 

near 2GeV2?
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CDF PHYSICAL REVIEW D 86, 
032007 (2012) (no claim of any 
such thing is made in this paper, 
it’s a paper about CPV in charm).
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introduced. Again, common parameters are used for the
Gaussian-constrained masses and widths of the included
resonances, the nonresonant contribution, the K!ð892Þ$,
f0ð600Þ, and !2 masses and widths, as well as the mistag
fraction.

VII. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties are categorized into experi-
mental and modeling uncertainties. The considered experi-
mental sources are efficiency asymmetries varying over the
Dalitz plot, asymmetries of the background in the D0 and

!D0 samples, and the applied efficiency distribution which
is estimated by simulated events and may not adequately
model the composition of trigger configurations in data.
Modeling uncertainties arise from the chosen values for the
radius parameters in the Blatt-Weisskopf form factors and
the limited knowledge on the complex dynamics of the
three-body decay. In this context, the stability of the de-
termined CP-violation quantities under variations of the
employed Dalitz model is tested. The contributions from
the various sources to the total systematic uncertainties can
be found in Tables III, IV, V, and VI.

A. Efficiency asymmetry

The reweighting procedure of the !D0 Dalitz plot accord-
ing to the deviations between the pTð"D!$Þ distributions
for positively and negatively charged pions may not fully
correct for residual small asymmetries between the D0 and
!D0 efficiency distributions. To estimate the size of a sys-
tematic effect originating from such an asymmetry, the
Dalitz-plot fits are repeated without reweighting the !D0

Dalitz plot. The scale of systematic uncertainties is esti-
mated as the differences between the resulting values and
the ones from the default fits.

B. Background asymmetry

To investigate a possible systematic effect originating
from different Dalitz-plot distributions of the background
inD0 and !D0 data, the Dalitz-plot fits are repeated with two
independent background samples distinguished by the
charge of the slow pion in the D!$ decay. The systematic
uncertainties are calculated as differences between the
resulting values and the ones from the default fits.

C. Fit model

The systematic uncertainties originating from the spe-
cific model used for the Dalitz-plot fit are estimated by
repeating the fits when one of the resonances K!ð1410Þ$,
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FIG. 4 (color online). Projections of the Dalitz-plot fit on the
individual two-body masses, together with the corresponding
distributions in data.
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FIG. 5 (color online). Asymmetry between the numbers of
reconstructed D!þ and D!& candidates as a function of the
soft pion’s pT .
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�2 test with an adaptive 4D binning, in which we split the data once in | cos ✓
 

0|, twice in42

� and then repeatedly in m2

K

+
⇡

� and m2

 

0
⇡

� preserving the bin content above 20 events, for43

a total of N
bin

= 768 bins. Simulations of many pseudo-experiments, each with the same44

number of signal and background events as for the data sample, show that the confidence45

level (CL) of the fit calculated from the �2 value has an approximately flat distribution46

assuming the number of degrees of freedom (ndf) equals N
bin

� 1 minus the number of47

free unconstrained parameters in the fit.48
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Figure 1: Background-subtracted and e�ciency-corrected m
 

0
⇡

� distribution (black data points),
superimposed with the reflections of cos ✓

K

⇤ moments up to order 4 allowing for J  2 (blue line
with yellow statistical-uncertainty band). The vertical scale is arbitrary.

As in Ref. [6] we allow all known K⇤0 ! K+⇡� resonances with nominal mass within49

or slightly above the kinematic limit (1593 MeV) in B0 !  0K+⇡� decays: K⇤
0

(800),50

K⇤
0

(1430) for J = 0; K⇤(892), K⇤
1

(1410), K⇤(1680) for J = 1; K⇤
2

(1430) for J = 2; and51

K⇤
3

(1780) for J = 3. We also include a non-resonant J = 0 term (NR) in the fits. We52

fix the masses and widths of the resonances to the world average (PDG) values [13],53

except for the widths of the two dominant contributions, K⇤
(892) and K⇤

2

(1430), and the54

poorly known K⇤
0

(800) mass and width, which are allowed to float in the fit but with55

Gaussian constraints to the PDG values. As an alternative J = 0 model we use the LASS56

parameterization [14, 15] which replaces the NR and K⇤
0

(800) components with an elastic57

scattering term (two free parameters) interfering with the K⇤
0

(1430) resonance. Fits with58

all of these K⇤ components, the two di↵erent J = 0 approaches and the two di↵erent59

fit implementations, do not give a satisfactory description of the data; the CL is below60

2 ⇥ 10�6, equivalent to 4.8� in the Gaussian distribution. When K⇤
3

(1780) is excluded61

from the amplitude, the fit CL is even lower, corresponding to at least 6.3�.62

2

Amplitude fit: 
>13.9σ in amplitude fit for Z(4430) (and 
>9.7σ for 1+ relative other JP assignments)

Model-independent 
Model-indep. description of K* resonances (w/o Z) 
incompatible with data, clear excess in Z(4430) region

Efficiency corrected data 
with model-independent 
description overlaid

Exotic States at LHCb, DIS2014 Tomasz Skwarnicki 12

Amplitude fits without Z(4430)-

• The χ2 p-value < 2x10-6

• The data cannot be adequately described with the 
J ≤ 3 K* contributions alone

(“K* veto region”)(“all data”)

Phase Motion 
Fit where K* amplitudes are allowed to 
float, but Z amplitude is described 
model-independently by complex 
numbers in 6 bins of m(ψ(2S)π) confirms 
resonance-like phase motion
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Tetraquark candidate travels around the world:
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Z(4430)- is the first confirmed unambiguous four-quark candidate
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Figure 3: The multivariate fit to the (left) B0

s ! D�
s ⇡

+ and (right) B0

s ! D⌥
s K± candidates for

all D�
s decay modes combined. From top to bottom: distributions of candidates in B0

s mass, D�
s

mass, companion PID log-likelihood di↵erence.
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Figure 4: Measured mistag rate against the average predicted mistag rate for the (left) OS
and (right) SSK taggers in B0

s ! D�
s ⇡

+ decays. The error bars represent only the statistical
uncertainties. The solid curve is the linear fit to the data points, the shaded area defines the
68% confidence level region of the calibration function (statistical only).

Table 2: Flavour tagging performance for the three di↵erent tagging categories for B0

s ! D�
s ⇡

+

candidates.

Event type "
tag

[%] "
e↵

[%]
OS-only 19.80 ± 0.23 1.61 ± 0.03 ± 0.08
SSK-only 28.85 ± 0.27 1.31 ± 0.22 ± 0.17
OS-SSK 18.88 ± 0.23 2.15 ± 0.05 ± 0.09
Total 67.53 5.07

6.3 Mistag distributions

Because the fit uses the per-candidate mistag prediction, it is necessary to model the
distribution of this observable for each event category (SS-only, OS-only, OS-SSK for the
signal and each background category). The mistag probability distributions for all B0

s decay
modes, whether signal or background, are obtained using sWeighted B0

s ! D�
s ⇡

+ events.
The mistag probability distributions for combinatorial background events are obtained
from the upper B0

s mass sideband in B0

s ! D�
s ⇡

+ decays. For B0 and ⇤0

b backgrounds the
mistag distributions are obtained from sWeighted B0! D�⇡+ events. For the SSK tagger
this is justified by the fact that these backgrounds di↵er by only one spectator quark and
should therefore have similar properties with respect to the fragmentation of the ss pair.
For the OS tagger, the predicted mistag distributions mainly depend on the kinematic
properties of the B candidate, which are similar for B0 and ⇤0

b backgrounds.
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Figure 6: Result of the decay-time (top left) sFit and (top right) cFit to the B0

s ! D⌥
s K±

candidates; the cFit plot groups B0

s ! D⇤�
s ⇡+ and B0

s ! D�
s ⇢

+, and also groups B0! D�K+,
B0! D�⇡+, ⇤0

b! ⇤�
c K

+, ⇤0

b! ⇤�
c ⇡

+, ⇤0

b! D�
s p, ⇤

0

b! D⇤�
s p, and B0! D�

s K
+ together for

the sake of clarity. The folded asymmetry plots for (bottom left) D+

s K
�, and (bottom right)

D�
s K

+ are also shown.

Table 3: Fitted values of the CP observables to the B0

s ! D⌥
s K± time distribution for (left)

sFit and (right) cFit, where the first uncertainty is statistical, the second is systematic. All
parameters other than the CP observables are constrained in the fit.

Parameter sFit fitted value cFit fitted value
Cf 0.52± 0.25± 0.04 0.53± 0.25± 0.04
A��

f 0.29± 0.42± 0.17 0.37± 0.42± 0.20
A��

f
0.14± 0.41± 0.18 0.20± 0.41± 0.20

Sf �0.90± 0.31± 0.06 �1.09± 0.33± 0.08
Sf �0.36± 0.34± 0.06 �0.36± 0.34± 0.08
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is fixed to the tested value. The value of �s is constrained to the LHCb measurement from
B0

s ! J/ K+K� and B0

s ! J/ ⇡+⇡� decays, �s = 0.01± 0.07 (stat)± 0.01 (syst) rad [13].
Neglecting penguin pollution and assuming no BSM contribution in these decays,
�s = �2�s. The resulting confidence intervals are, at 68% CL,

� = (115+28

�43

)� ,

� = (3+19

�20

)� ,

rDsK = 0.53+0.17
�0.16 ,

where the intervals for the angles are expressed modulo 180�. Figure 7 shows
the 1 � CL curve for �, and the two-dimensional contours of the profile likelihood
L(~↵0

min

). The systematic contributions to the uncertainty are quoted separately as
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Figure 7: Graph showing 1�CL for �, together with the central value and the 68.3% CL interval
as obtained from the frequentist method described in the text (top). Profile likelihood contours
of rDsK vs. � (bottom left), and � vs. � (bottom right). The contours are the 1� (2�) profile
likelihood contours, where ��2 = 1 (��2 = 4), corresponding to 39% CL (86% CL) in Gaussian
approximation. The markers denote the best-fit values.
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small & mighty
• LHCb: Dedicated flavour physics experiment at the LHC:


• Optimised geometry

• RICH particle ID (K/π separation)

• Most precise vertexing at LHC

• Dedicated heavy flavour trigger (incl B→hadrons)

• Best mass resolution at LHC (for heavy flavour). 


• ATLAS, CMS’ heavy flavour skills:

• good μ coverage, 

• efficient di-muon trigger,

• maximal luminosity. 

• Good at rare dimuon decays such as B(s)→μμ. 


• ALICE: Cleanly reconstructs heavy flavour decays, 
focussed on using this to study quark-gluon plasma.


